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I , BEBIGATED Institute to the ^Natioii on the 30th 

November 1917. The fuller investigation of the many 
ever-opening problems 'of .-the nascent .science,. , •which 
includes both Life and .Non-Life, is among the main purnoses 
of the Institute., . In .adding - a large auditorium, I have soii.ght 
}>erjnaneiitly to associate . the ■■■ advancement of knowledge, 
with the widest . possible " civic and public diffusion ' of it ; 
a.iid this., without .any. academic .limitations, , henceforth to 
ail .races and languages, .to- .-.both iiie.n. and w.omen alike, 
and , for all tone coming,. 

It is my ; -further' wish ■ - that, ■ as, .far- as the limited 
accommodation wo.uld permit, the 'fa.cilities of , this , Institute 
should : be available,. ".to , workers .. from all countries. In 
this I ; am. . attempting- to carry .out .the traditions of my 
country, .which, so. f ar ■ back . as - t’wenty-five '. .centuries ago, 
.weicome.d . . all - scholai^/- from . . .diff.erent, par^^^^ of dhe world 
within the precincts ,. of ' its.'- ..ancient s.eat.s of learning, at 
..Naianda and- at,: . Taxiiia, ,, , 

The . .present ..time, may - be regarded, as inopportune for 
any new '. -undertaking, -,,^w^^ .a. .great ..tragedy is hanging 
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over, hiiiiiaii destiIl 3 ^ But it is at siieli a crisis tbat iiieii 
ieani to diBcriminate the Real from the llareal, so that 
they can dedicate themselves to the pursuit of Truth which 
is. eternal. 

Since the opening of the Institute I have, received much 
encouragement and help from different provinces of India 
in this national undertaking. My grateful tlia,iiks are due 
to the gentlemen whose first donations .have formed the 
nucieus of an Endowment Fun,d, and also ' tO' Mr. P. C. 
Lyo,n, the retired Minister of Education., Govern iiient of 
Bengal, through, whose representation the GoveiMinient ^ have 
been pleased, to make generous grants in furtherance of 
research. I am Indebted to His Excellency Lord Ronaldshay, 
Gover,nor of Bengal, for the grant of land for necessary 
expansion, and for his interest in. the' per,niaiience of the 
Institute. The Government of India and the Govern- 
ment of Bengal liav-e also sanctioned six Scliolarsliips fo,r 
: Research students of the Institute. 

/ The Government has ■ a.l80 '' kindly, uinlertaken the 
,, publication of the Transactions of the Institute to . he 
' issued twice a.,' year.. ..Much time had to be given last 
,year ill .the organization of the .Institute. In spite of this 
a ' long series of investigations ■ on the phenomenon of 
plant ; . movements. ' have ' ffieen completed , In the course of 
the' year.. . Of these, the, first series , is given ., in the present 
volume. 


OaolierlBlS, 


J. C. BOB!., 
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VOICE OF LIFE, 


I DEDICATE to-day this IuBtitiite—iiot merely a Labor- 
atory hut a Temple* The power of physical methods 
applies for the establishment of that troth which can be 
realized directly" through our senses, or through the vast 
expansion of the perceptible range by means of artilicially 
created organs. We still gather the treiniilous message 
when the note of the audible reaches the unheard. When 
human sight fails, bve continue to explore the region of 
the iuTlsible. The little that we can see is as nrdhing 
compared to the vastness of that which we cannot. 
Out of the very imperfection of his senses man has built 
himself a raft of thought by which he makes daring 
adventures on the great seas of the Unknown* But there 
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are other troths which will re main hbeyoioi (Weii ilie silver 
seasitive methods kiiown to ■ science, ■ Fta* these \ve re fiiire. 
faith, tested not in a . few ' years but by an entire life. 
And a temple is, erected as- a ht .memorial for the establish- 
liient of that truth for, which faith was mnn.led. The 
personal/ jet . general, truth and faith whose establishmeiii 
this Institute commemorates is this: that when out* dedi- 
cates, , liiiiiself wholly for a great object,, the closed doors, 
shall open, ' and the seemingly i.mp()SS!l:ile wil'I become 
possible , for him* 

Thirty-two , years ago I chose teaching of science as 
my Tocatioin It Avas held, that by its very peculiar coii^ 

stitutio,!!., t,ht3 Indian -mind would- always torn away from 

the study of Nature to- metaphysical speculations. Even had 
the' capacity for inquiry and -accurate observation been 
assumed presen t, there were no op}>orruiiiiies lam their 
employment ; there were no well-eqolp}>ed lalnnutturies nor 
,ski]letl mechanicians. This' was ail too true. Jr is for 

man not tu quarrel with circumstances but ]>ra\a*ly actaqO 
tliem ; and we belong to that race and <ly nasty whe had 
aceoi,n,p,lisl;ied great tilings with simple means. 

FillLUBE A5B SUCCESS, 

This day twenty-three 'years ago, 1 resolved tlial as 
far as the whole-hearted devotiou and faith of one man 
counted, that would not be warding, and within six 

months it came about that some of the ditlicult problems 
connected with electric waves found their solution in my 
Laboratory, and received high appreciation from the leatling 
physicisis. The Eoyai- Society honoureil me by piiblisliing 
my discoveries and offering, of their own accord an 
appropriation from the ,,, special Pariiamentary grant for the 
advancement of knowledge. That day the closed gate 
suddenly opened, , and I , hoped that the torcit that was 



Ill 


tbeii would coiitimie to biini l>i*i]L(hter and brigliteia 

Bui maids faith and hope require ,, 'repeated testing.. For 
live years after this the; prog,ress was iininteiTuptecI ; yet 
wlimi the most generous ' and wide appreciation of my 
work had reached almost.' the ■ highest' point there came . a 
sui!di*ii umJ unexpected 'change.. 

AND NON-Livmh 

III , the pursuit of my investigations I was aincoii- 
seioosly led into the border '.region of physics and physio- 
iogy. and was a'lnazed to find ' .boundary li,nes vanishing 
ami points of contact emerge betwee.n the realms . of the 
Living am! Non-Living. Inorganic matter was found any- 
thing but inert ; it also was a-thrili under the action 
of multii udinous forces that played on it. A common 
reaction se(nn(‘<l to bring together inetal, plant and 
aniinai under a general law. They all exhibited the 
phenonnma of fatigue and depression, together with pos- 
sibilitios of re<‘o very and of exaltation, yet also that of 
permanent irresponsiveness which is associated with death. 
I was lilleil with awe at this great generaliy/ation ; and it 
was with gncif hope that I announced my results before 
tin* leading scientilic society. The results were so unexpected 
that they provoked incredulity. There were also misgivings 
about the inherent bent of the Indian mind towards inysti- 
(dsin and unche<-.ked imagination. But in India this burning 
imagination which can extort new order out of a mass of 
apparently canuradictory facts, is also held in cheek by the 
ha])it of moditardon. It is this restraint Avhich confers the 
power to hoid rhe mind in pursuit of truth, iii intinite 
patience, lo wait and reconsider, to experimentally test and 
repeatedly verify. 

It is Imi natural that there should be prejudice even 
ill Bcienct*, against all ■, innova'tions ; ■ but there were added 



■other , (lifficiilties, .wliicli - it, -was ■. impossible to remove from 
isolating distance* ..Thus, no conditions could bavt* hemi 
more, hopeless tbaii those which confronted me fm* tin* next 
twelve j^ears. It , is necessary ' to make this f)rief refm'enee 
to this period of ■ 1113 ^ life;' for one who de\'ote him- 
self to the, search ,ol' truth inust realize that for him there 
awaits, no. easj- li.fe, but one of; unending struggle. It, is 
for hiiii to cast his life as an . offering, regarding gain and 
loss, success., and .failure, -as one, 'Yet in my case this long 
persisting gloom was suddenljr .lifted, M^y scientific deputa- 
tion in 1914, , from: , the Government of India. ga,ve the 
opportunity . of giving demonstrations of • inx results l)efore 
the leading scientific societies of rdie world. This let! to 
a .very generous appreciation of nu" work and the recognition 
of the importance of Indian contribution to the a<lvance- 
ment of the world’s science. own e,xperienee told me 

how .heavy, .sometimes ., even crushing, -are the diliiculties 
which ' confront an inquirer here in, India; yet it matie me 
stronger in my determination, that I shall make the path 
of those who are to follow me less arduons, ami tlrat India 
is- never to relinciuish what has l)een won for her after 
yea,rs, 'of straggle. 

THE TWO IDEAUB. 

V , , What is it that India is . to.; .win and malnlain ? Has 
her own history and the teaching of the past prepared her 
for some temporary and cpiite siiboialiuate gain ? There 
are at this moment two compiementary ami not antagonis- 
,tic ideals before the country. ' There is first, the Indivi- 
dualistic ideal of wiimiug success in ail affairs, of seeurnig 
material efficiency and of sutMaction of personal amhirloiq 
These are necessary, but by 'tuemseives cannot ensure the 
life of a nation. Such niaterialtictivities have liroiight in the 
West their fruit, in accession of power and wealth. There 



has }mni a feverish rush even .:'m' the realni'. of Bcieiice' for 
exploiting applicarioiiS' of knowledge, not so often for saving 
as for causing destnietion. In the; absence of .some power 
of resiraint, civilization is now trembling in an unstable poise 
on the brink of rain; Some complementary ideal there must 
be to save man from that mad nish which must end in 
disaster. He has followed the lure and excitement of , some 
insatiable ambition, never pausing for a moment to tliiiik of 
the iiUimate object for which success was to serve as a 
teiiiporary. incentive. He forgot that far, more potent, than 
compeiition, was mutual help and co-operation in the scheme 
of life. And In his country through millenniuins, there 
always have been some who, beyond the immediate and 
absorbing prize of the hour, sought for the realization of the 
highest iclerd of life — not through passive renunciation, but 
through active struggle. The weakling who, has refused the 
conflict, having acquired nothing, has nothing to renounce. 
He alone who has striven and won can enrich the world 
by giving away the fruits of his victorious experience. In 
India such examples of constant realization of ideals through 
work have resulted in the formation of a continuous living 
tradition. And by her latent power of rejuveiiescence she 
has readjusted herself through infinite transformations. Thus 
while the soul of Babylon and the Nile valley have trans- 
migrated, ours still remains vital and with capacity of 
absorbing what time has brought, and making it one with 
itself. ' , , , . 

The ideal of giving, of enriching, in fine, of self-renun- 
ciation in response to the highest call of hiiniauifcy is the 
other and complementary ideal. The motive power for this 
is not to be found in personal ambition but in the efihice- 
ment of all iittlenesses, and nprooting of that ignorance 
wdiich regards anything as gain which is to be purchased at 
others’ loss. ITiis I know, that; no vision .of tpnith can come 
except in the , absence, of all sources: of .distraction, and when 
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ttie./niiiid lias .reached tlie point of rest. And for iiiy dis- 
ciples, I 'call on those wry .few,- who will devote their 
life with strengthened character and determined piirp!)se to 
tahe 'part in tiiat iniitiite ' struggie ' to win knowledge for its 
own >sake and s.ee truth face to face,. 

d / ADYANGEMEKT AKD DIFFUSION OF KKOWDEDGE. - 

..The work already carried out in niy Labor.atory on the 
response mf matter, , and the unexpected revelations , in planl 
life, foreshadowing the 'wonders of the highest animal life, 
have opened out ver}”' extended regions of im’|iiiry in 
Physics, in Physiology, in Medicine, in Agriculture ami 
even in Psychoiogy. These inquiries are , obviously more 
extensive than those customary either among physicists 
or physio.Iogists, since demanding .interests and aptitudes 

hitherto more or less divided between them. In tiie study 
of. Nature, there is a necessity of ■ the tlual viewpoint, tlvis 
alternating yet rhythmically unified interaction of bioh)gicaI 
thought with physical studies, and pliysical thought with 
biological siiulies. The fiKure worker with his freshened 
grasp of physics, his fuller conception of tin* inorganic 
world, as iiidecil thrilling with “the promise ami ptdtmey 
of life'", will redouble his former energies of work and 

thought. Thus he will be in a posUion to winnow iht* old 
knowieilge with iiner-.' sieves,;-, to re-search it with new 

enthusiasm and subtler instruments. ^ Aiid thus with tlunighi 
and toil and time he may hope to bring freslier views 

into the old problems. His handling of will he at 

once more vital and more.-,' kinetic, 'mo.re comprehensive , ami 
unified. 

The further and fuller ■ investigation, of the many and 
ever-opening problems of the -.nascen.t-,. -science wlilcli ined tides 
both Life and Non-IJfe- -are'; -.among ^ main purposes of 
the Institute I am openi.iig -i-.to.-day ;;M-n these Ihdds I, am 
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airead}' ' fortunate in , having- :a- devc)ted: ' banc!,. -of disciples, 
■whom I have been , training for the last ten years. ' , 

The advance of science is the- principal object of this 
Instinne and a],so the diffusion of' knowledge.' We are here 
ill the largest of all the many chambers ■ of this. House-: of 
KncfAvledge — its .Lecture Room.' In .adding this,, large a,iidb 
ttiriuni, I ha%u^ sought permanently to associate ' the.' advance- 
nient of knowledge with the widest possible civic and 
public, diffu.sion of it ; a-nd this without any academic limita- 
tions. henceforth to all races and languages, to both men 
and women alike, and for all time coming. 

The lectures given here will announce, to an audience 
of some fifteen hundred people, the new discoveries made 
here, which will be demonstrated for the first time before 
the public. We shall thus maintain contmuousiy the highest 
aim, of a great seat of learning by taking an active part in 
the advaiiceinent and diffusion of knowledge. Through the 
regular publication of the Transactions of the Institute, 
tiiese Indian contributions will reach the whole world. The 
<jiseoveries made will thus become public property. No 
patents will ever be taken. The spirit of our national 
culture (lemands that we should for ever be free from the 
desecration of utiliJiing knowdedge for personal gain. 

It is my further wish, that as far as the limited acconi- 
juodution would permit, the facilities of this Institute should 
be available to workers from all countries. In this I am 
attempting to carry out the traditions of my country, which 
so far back as twenty-five centuries ago, welcomed ail 
scholars, from different parts of the world, within the pre- 
cincts of its ancient seats of learning, at Nalanda and at 
Taxilla. 

THE SUBOE OF LIFE. 

With this widened outlook, we shall not only maintain 
the highest traditions of ; 'the-;' past -but also serve the world 
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Id, nobier ways. We shall be at one with it in the 

comniori siirgings of. life, the comnio.n love for tin.* good, 
the true, and the beaiitifuL In this Institute, this Study 
and Garden of Life, the claim of Art has not. heen fr>rgotrmn 
for the artist has been . working ■ with ns, frotn funiMhitiou 
to , pinnacle, and from floor, to ceiling of this very Hall. 
And beyond that arch, the Laboratory merges imperee|,„}- 
tibly into the Garden, which is the true lalntratory for the 
study' of Life. There the creepers, the plants am! the trees 
are played upon by their natural environments, — sunlight 
and wind, and the chill at midnight under the vault of 
starry space. There are other surroundings also, where they 
will be subjected to ‘chromatic action of ditferein lights, 
to -invisible rays, to electrically charged atinospken*. Every- 
where they will transcribe in their own scri])t the histnry 
of their experience. From his lofty point of observatii)n, 
sheltered by the trees, the student will wateh this panorama 
of life. Isolated from all distractions, be will learn tu 
attune biinself with Nature ; the obscuring veil will bu 
lifted and he will gradually cm; irie to st‘e ln.nv eommunity 
throughout the great ^ ocean of life outw«dghs apparent 
dis.si.milarity. Out, of discord he .will realise tht? great 
harmony, 

THK OUTLOOK. 

. '/Those are the dreams- that wove a neiwtudv ruumi my 
'wakeful life for.. .many; years . past. The outlook is end- 
less, . ;for the goal Is. at., infinity. . The realization eaiiiior 
be : through ' one . life, or one' fortune, but through the co- 
operation of many lives ..and: many ; fortunes. The possibility 
of a fuller expansion will depend on very large endow- 
ments. lint a beginning m.us.t Hie ^ made, and this is the 
genesis of the : foundation -of ,.th.is Institute, I came 
with iiotbing '.and: .shall . return .' as I came ; if somotlii ng 
is accomplished' ..in ': ;.t.he- inteiwal^ would indeed be a 
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privilege, Wliat I. liave. I ■ will': offer, 'and one who had 
shared with me the.Btriiggies; and hardships .that 1iad to be 
faced, has wi,shed,, to ' bequeath , all that' is hers for ths 
same, object. In all my struggling efihrts I '■ have not 
.been altogether solitary while the world doubted, th.ere 
had been.' , a ' few, now in the City of Silence, who never 
wavered in their trust. 

India’s special aptitudes, in contribution to science. 

The excessive specialization in modern science has led to 
the danger of losing sight of the fundamental fact that there 
can be but one truth, one science, which includes all the 
branches of knowledge. How chaotic appear the happenings 
in Nature! Is Nature a Cosmos, in which the human mind 
is some day to realize the uniform march of sequence, order 
and law ? India through her habit of mind is peculiarly fitted 
to realize the idea of unity, and to see in the phenomenal 
world an orderly universe. This trend of thought led me 
unconsciously to the dividing frontiers of different sciences 
and shaped the course of my work in its constant alter- 
nations between the theoretical and the practical, from the 
investigation of the inorganic woidd to that of organized 
life and its niulfeifarioiis activities of growth, of moveinent, 
and even of sensation. On looking oyer a hundred differ- 
ent lines of investigations carried on during the last 
twenty-three years, I now discover in then'i a natural 
sequence. The study of electric waves led to the devising 
of methods for the production of exceedingly" short electric 
waves which served as a bridge over the gulf between 
visible and invisible lights ; from this followed accurate 
investigation on the optical properties of invisible waves, 
the determination of the refractive powers of various 
opaque substances, the. discovery of eff'eot of air film on 
total re flection, and the polarizing :proper ties of strained 
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rocks a^id of; eiectTic toiirmaiines. The hnoiiiiou of a new 
type of se'If-rexKJvering'elect^^^^ .receiver nun It* iif txsilena 
was the , fore- run oer of. crysta..! , detectors. In |ili\",sie,a! 
chemistry .the .detection of molecular clsaogt* in itKifier 
..under electric stiiiiulatiou' led to a, .new tliem*y of 
grapiiic ; action. The ■ theory,- of -stereo-clicmist ry foiiini 
strong support b}’ -fiie . production, .of two kinds of anilicial 
molecules, which, like the two kinds of siigjir. roiaied ibo 
polarized electric, wave, either to the riglii or to tln^ hdi. 
Again the ‘fatigue’ of my receivers lei! to tlie tllscfU'cry 
of sensitiveness i.iihere.nt in matter as shown by its «.dec- 
.trie response. It was next possible to study this ri-*sprmse 
ill its modification under changing enviromnmii, of which 
its .exaltation under stimuiants and its al>oliiiou under 
poisons are among the. most astonishing outward manifesta- 
tions. And as a single example of the many applieaiions 
of this fruitful discovery, the characteristics of an artilicial 
retina gave a clue to tlie . une.xpected ilisiaivery of 
‘‘i.)i,iiocular alternation of vision” in .ma.n otii*h “ve tliiis 
supplements its felknv by turns, lnstt*ad of acumjr ag a 
contimiously yoked pair, as hitherto belie vimL 

PLANT LIFE AKD AXiatAL LIFK. 

In natural sequence : to. .the ■ investigation of the ia*- 
spouse in “inorganic matter, has followed a prolongtol 
study of the activities of ■ plant life as compared with the 
corresponding functioning' of animal life. Hut since plants 
for the most part .seem inofionless and passive, and are 
indeed limited, in ., their . 'range of movement, special 
apparatus of extreme delicacy , had to be invented, which 
should magnify the tremor of excitation anti also ineaMore 
the perception period of: a plant to n tiioiisantith parr 
of a second. Ultra-microscopic movements were measured 
and recorded, the length measured btdng often sinalier 
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til an , a .fractioE of , a ' single wave-length of light. ■■ The 
secret of plant life was tlins for the first time revealed by 

the autographs of the plant itself. This . evidence ' of . the 

plant’s own script removed the. prevailing error which 
divided the v€\getable world into sensitive and insensitive. 
The remarkable performa.nce of the ‘Praying’ Palm Tree 
of Faridpiir, which bows, as if to prostrate itself, every 
evening, is only one of the latest instances ^ which show 
that the supposed insensibility of plants and still more of 
rigid trees is to be ascribed to wrong theory and defec- 
tive observation. Investigations which I have carried out 
show that all plants, even the trees, are fully alive to 

changes of environment ; they respond visibly to all 
stimuli, even to the slight fluctuations of light caused 
by a drifting cloud. This series of investigations has 
completely established the fundamental identity of 
life reactions in plant and animal, as seen, in a 
similar periodic insensibility in both, corresponding to 
what we call sleep ; as seen in the death-spasm, which 

takes place in the plant as in the animal. This unity 
in organic life is also exhibited in that spontaneous 
pulsation which in the animal is heart-beat ; it appears 
in the identical effects of stimulants, anaesthetics and of 
poisons in vegetable and animal tissues. This physiolo- 
gical identity in .the elfect of drugs is regarded,, by 
leading physicians as of great significance in the scientific 
advance of medicine; since here we have a means of 
testing the efl’ect of drugs under conditions far simpler 
than those presented by the patient, far subtler too, as 
well as more humane than those of experiments on 
animals. ' 

Growth of , , plants and . .its variations under , difi’erent 
treatment is instantly recorded by my Crescograph. Autho- 
rities expect .that this method of . inves.tigation will, advance 
praeticai agriculture ; since- .for the first time.' we are able 

2 



xn 

to analyse and study separately the condiiiotis wiiicli landify 
the rate of growth. Experiments, wliieli wouhl luive taken 
months, and their results vitiated by unknown ehaiigc^s, eaii 
now be carried out in a few minutes. 

Returning to pure scienee, no |)he!ioin,e!Ki i!i plam lilV 
are so extremely varied or have yet leam iiiru‘e iticapuife 
of generalization thiiii the ‘'tropic'’ nnn’eisM'iiis. siudi as lie* 
twining of tendrils, the heliotropic movi‘iiienis of sone' 
towards and of others away from iiglit. and tie* opposite 
geotropic movements of the root and shoot, in ihe direciiiiii 
of gravitation or away from it, Mx lai'e'ii invest igations 
have led to _ the establishment of ' a single fuiulamenial reac- 
tion which underlies all these e,ft‘ects so extreiiiely diverse. 

Finally, I may say a word .of that mlier new am'l un- 
expected chapter which is opening out from my rleiiiori- 
stratlon of nervous impulse in plants. 'The speed with 
wdiioh the nervous impulse courses throiig,li t!n^ |>hint has 
been determined; its mervoiis excitability and rlie variation 
of that excitability have likewise been iin‘asurc‘tL Tin* 
nervous impulse in plant and in man Is fmnui exaltial or 
Inhibited under identical conditions, 

A' question io,ng ■perplexing physiologists and psycho- 
logists alike is that concerned with tlu* great mystery that 
underlies memory. But now through certain experiments I 
have carried out, it is possible to trace “memory impres- 
.sions” backwards even . in .. .inorganic matter, sucli latent 
impressions being capable ■ of ' subsequent revlvah Again 
the tone of our . .sens.ation is determinet] by the intensity 
of nervous excitation ' that , rea.ches the central perceiving 
organ. . -It would, be. 'possible to change the tone or ipiaiity 
of our se'iisation, , if . means- couhl be discovered by which 
the nervous. '. impulse . would become nnxiified during transih 
Investigation ' on. nervous' impulse in ])lanis has led to the 
disco.very ' uf a controlling method, wlilcli was found 
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equalty effective in regard to the nervous impulse in 

aBimals* ' : 

Tims tlie lines of physics, of physiology, and ' of psyclio- 
logy converge ami meet. And here will assemble those 
who would seek oneness amidst the manifold. Here it is 
that the genius of India should find its true blossoming. 

Thu thrill in inatter, the throb of life, the pulse of 
growth, the impulse coursing through’ the nerve and the 
resuitiiig sensations, how diverse are these and ^mt .how 
unified ! How strange it is that the treinor of excitation 
in nervous matter should not merely be transmitted but 
transmuted and reflected like the image on a mirror, from 
a different plane of life, in sensation and in affection, in 
thmight and in emotion ! Of these which is more real, 
the material body or the image which is independent of 
it ? Which of these is undecaying, and which of these is 
beyond the, reach of death? 

It was a woman in the Yedic times, who, when asked 
to take her choice of the wealth that would be hers for 
the asking, inquired whether that would win for her death- 
lessness. Many a nation had risen in the past and won the 
empire of the world. A few buried fragments are all 
that remain as memorials of the great dynasties that wielcb 
(hI the temporal power. There is, however, another element 
which finds its incarnation in matter, yet transcends its 
transmutation and apparent destruction : that is the burning 
flame born of thought which has been handed down tlirongh 
fleeting 'generations. , . 

Notin mattei*, but in thought, not in possessions or even 
in attainments, but in ideals, are to be found the seed of 
immortality. Not through material acquisition but in gener- 
ous, diffusion of ideas ..and. ideals. can the true .empire of 
.humanity be e.stablished. . Thus to , Asoka to .whom belonged 
, this.' vast empire, bounded by .the inviolate .seaS; a.fter he had 

. ■ 2 A '■ 



XIV 


tried, to ransom the world by giving away iJif lUniHSt, 
there came a time when he had nothing nioro give, 

except one-half of: an Amkiki fruit. This was his last 

possession, and Ms anguished cry was tliuf silica* ho had 

nothing more to give, let the. half of the Jw/g/. / !>o aiu.w|ir- 
ed as his final gift. 

Asoka’s emblem of the Amiaki will Ih* Hoen on the 

oomices of the Institute, and towering alitna* all is ifie 
symbol of the thunderbolt.. It was the Rishi Dadliiclii, clu* 
pure and blameless, w.ho offered his life that tine divine 
weapon, the thunderbolt, might be fashionetl mir of his 
bones, to smite evil and exalt righteousness. It is but lialf 
of the Atnlaki that we can offer bow. Bui the i^asi shall, 
be re-born in a yet nobler future. We stand here OHday 
and resume work to-morrow, .so that, by the elfurts of our 
lives and our unshaken faith in the future we .may .all 
help to build the greater India jei to be. 
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L— THE PROI^LEM OF JMOVEMEKT IN PLANTS 

By 

Pbop. Sir J. C. Bose. 

The pheiioioeiioii of moveinent in plants under the action 
of external stimuli presents innumerable difficulties and 
complications. The responding organs are Yery different : 
they may be the pulvini of the ‘ sensitive ’ or those of 
the less excitable legnminons plants; the petioles of leaves, 
which often act as piilvinoids ; and organs of plants in a 
state of active growth. 

Taking first the case of the pulviniis of Mimma, we find 
that it responds to mechanical stimulation, to constant 
electric current, to induction shock, to the actioh of 
chemieal agents, to light, and to warmth as differentiated 
from thermal radiation. The reactions induced hy these 
agents may be similar or dissimilar. An identical agent, 
again, may give rise to movements which are not merely 
different, but , sometimes, even, of diametrically opposite 
characters. Certain organs, for example, direct themselves 
towards light, others away from it.. Some plants close 
their leaflets on the approach of darkness, in the so-called 
position of ® sleep apparently similar ‘ sleep ’ movement 
is,. , ind.uced , in others by the action ,of ' the; midday sun. 
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LIFE MOVEMENTS IN/PLANTS 


111 Mimosa^ the responsive movement is uIh hii 

by a sudden, diminiition of turgor in the puivuiiis, iUit 
very little is definitely known abont the respniisivt^ ro 
action in growing organs. Thus in a tendril, one-si sled con- 
traction causes a shortening of the concave sidi* ani] a 
sudden increase of growth on. the convex. Xo explana- 
tion 0 f , t .hi s di iference has hitherto hi*en f o ii h (*o n i i n g , 
Under the action of light of diflereot intensities a growing 
organ ma3?' approach the source of light, or phuje itself ai 
right angles or move away from It. Again under the 
identical stimulus of gravity, -the root moves dowuwtirfis, 
a,nd the shoot upwards. The sign of ri^spoiise in fliirerent 
organs thus changes, apparenth' without any reason. It 
is thus seen, that there is hardly any responsive iiiovenient 
that has been observed of which an example dJrectlv" to 
the contrary maj" not be found. For this reason it lias 
appeared hopeless to unify these verx’ divers*.:* plnnitmieiia, 
and there has been gi tendency towards a. belief that if: 
was not any definite physio logical reaction, bin the iii- 
clividiiality of the plant that t,leien!:n,iies the' ciniice of its 
movement. 

The com|)iexiiies which baffle us ina,)’. imwcner, arisi* 
from the combinaiion of factors whose individual reactions 
are unknowii to os. ^ 1 shall : show, ' for example, bow ilie 
movement of a puiviniis i.ind.eiv.:a . gi'ven sumulim is detei- 
:niiiicd by 'the point mf application, direct- stimulus protliic- 
iiig one effect, and . imlirect . the , . diaoietrically opposite. 
The normal reaction is ; again modified by the tonic con- 
"dition of the plant.- ’There .is' again the likelihood of 
the .presence, of . other modihung factors. It is clear how 
very different the : results;' wo.iild ' become ' by, . the permiiUitiou 
and combination of these diverse factors. 

For a comprehensive Btnd'y. of '■ the ]>lieiiomonon of 
plant movement, , it: , is,„ therefore 'necessary to iuvi*stigate 
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la ' fletaii ' the, . effect of ■ a givea stimulus under definite 
changes of the^ en'vironmental condition, ' With regard to a 
.giTen stimuliis Ace .have to determine , .the effects of intensity^ 
of duration , and,', of^ , ,t,he point ' of, -application, T.he investiga- „ 
tion :.has to, include the . effects ,, exhibited not merely by 
the 'puMnated but also by growing organs. As a result 
of such a eoniprehensive study, it may perhaps be possible 
to' discover some fundamental' reaction, operative in bring- 
ing about , the 'responsive .'movement- in ail plant organs. 

I shall,' in the,- course of 'the .following series of Papers, 
describe '' the:, ' different Apparatus by which the movement 
of piilvinated o:rgan' and' its' time-relations, are automatically 
:reco'rdecl..,.- In a, growing o.rgan the ind need movement under 
'.stiihulus ' is bro-ught . about by '' the , change in its rate of 
growth. That the change is solely due to the particular 
Btinuiius can only be assured by strict maintenance of con- 
stancy of external conditions, during the period of experi- 
ment ; this constancy can, in practice, be secured only for 
a short time. The necessity for shortening the period of 
experiment also arises from a different consideration ; for 
numerous and varied are the stimulating and mechanical 
Interactions -between neighbouring '. ,:o'rga'ns. These effects^ 
however, come into play ' after -' , a certain lapse of time* 
They may be eiiinina,ted - 'by ' .red-iiction ; of the period of 
experiment. ■ . 

In order to shorten the period of experiment for the 
stufly of growth movements', ■, ,thet rate of growth has to be 
very highly magnified, so as to determine the absolute rate 
and its variations in The 'course' of a minute or so, I shall 
in a subsequent Paper give full account of an apparatus 
I have been 'a,We to; ■ de.vi'^^^^^^ by ' which it is possible to 
record automatioaliy the -fate:: of growth magnified mariy 
thousand times. 
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I Stated that anomalies of plant movements woiild dis- 
appear^ if we sacceeded in carrying .out in detail iiivesiiga- 
tlons of . efiiects of the different individoal faetnrs in opera- 
tion. Ill illiistratkm of ’ this I shall, in the iirsi Fa, per <d’ 
the series, give an acconnt of the' i,n3’'sterioris luovenieiit of 
the ‘Praying’ Pidiii of Fartdpnr, and desoriho ilin .iii- 
vestigations bj which the piol)lem found its soliitioi,u 



tree 

■. ; 

Sir J.' Bobb, 

Assisted by 

, Narkndra,, Nath ■ Nbogi,' m.sc. 

Perhaps no phmomeiion is so remarkabie and skronded 
with greater inystery as the , performances . .of a particular 
Date Palm near B''aric1par- in Bengal. In ilie evening, while 
the temple I»elis ring calling upon people to prayer, this 
tree bows down as • if to prostrate: itse ID: It erects its head 
again 'in the morning,; and this process ; is repeated every 
ilay oC the year. This extraordinary phenomenon has been 
regarded as iniraculoiis, and piLgrinis have been attracted 
in large numbers. It is alleged that offerings made to' the 
tree have been the means of 'effecting marvellous cures* It 
is not necessaiy to pronounce,. any opinion on the subject; 
these cures may be taken as effective as other faith-cures 
now prevalent in the West. 

This particular Dale 1? B>lm^ Phwniw dactylifera^ is a full- 
grown rigid tree, its trunk- being 5 metres in length and 
25 cm, in diameter. It must have been displaced by storm 
from the vertical and is now at an inclination of about 
■60-^ to the vertical In cons^uence of the diurnal move- 
ment, the trunk throughout its entire length is erected in 
the morning, and depressed .in the , afternoon. The high- 
»esl point of the trunk thus moves up and down through 
one metre ; the ‘ neck,’ above the trunk, is concave to 
the .sky in the morning ; in the afternoon the curvature 

3 A 
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disappears, or Is .even, sliglitly . rei?ersed. The large leaves 
which point high up, against the sky in the inornirig are 
thus swung : .round in the afternoon through a vertical 




Fig. 1. The Faridpnr ^Fraying' Palm; the upper photograph show? pOf^hioii 
ill the morning; the lower^ position in the afternoon. The two fixed stake?* 
are one metre in height. In front is seen erect trunk of a different Palm. 
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.clistaiice , of about' ' five: metres.. To the popular imagination 
the tree appears like a liviiig -giant^ more than twice the 
litnghf of a luiinan being, which leans forward , in the 
evening from its towering .height and bends its neck till 
the crown of leaves ■ pre-?s against the ground in an 
apparent altitude of devotion (Fig. 1). Two vertical 
stakes, each one metre high, give a general idea of the 
size of the tree and movements of the different parts of 
t.lie trunk. ' 

For an investigation in elucidation of this phenomenon 
it was necessary.:-— 

1. To obtain an accurate record of the movement of 

the tree day and night, and determine the time 
of its maximum erection and fall. 

2, To find whether this particular instance of move- 

ment was unique, or whether the phenomenon 
was iiniversaL 

dh To discover the cause of the periodic movement of 
the tree. 

4. To find the reason of the remarkable similarity 

between the diurnal movement of the tree, and 
the diurnal variation of muto-excitabilifcy in 
Jlimosa pudica. 

5. To determine the relative effects of light and 

temperature on the movement. 

6. To demonstrate the physiological character of the 

movement of the tree. 

7. To discover the physiological factor whose varia- 

tion determines the directive movement. 

THR RECORDING A.PPAEATUS. 

I shall now describe the pi inciple and construction of 
my recording apparatus (Fig. 2} seen attached to a horizon- 
tally growing stem of Mimosa pudica. When used to trace 
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the movement of the palm tree, a rediieinj' deviee ir* .■mpiov- 
ed to keep the record within the plate. A lever. It*, reenrdf* 
the movement of the attached tree or plant ;n\ a 'tnt>\htir. 
plate of smoked glass. The plate is not in eojitaci witii the 





. Ifif , 2,. Apparatus for automatic record, of movement of trees aiul plants: T, 
differential metallic thermometer; R, ; recording lever for tempt*ruture: R^, for 
recording plant movement; 0, clock-work for oscillation of recording plate. The 
same clock-work moves plate laterally in 24 hours. 

tip of tlie recording lever, but separated froia ii, hj a dis- 
tance of about 3 mm. A special oscillating device, actuated 
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by clock-work, G, makes the plate move ■ forwards and back- 
w^ards. , The . forward mo-vement-.. brings about a momentary 
contact of the recording, tip 'with the smoked plate inscrib- 
ing a dot,. These single dots • are made '.'at intervals of 15 
iniiiutes ; at the expiration of the hour, however, contact 
is made three times in rapid ' succession, printing a thick 
dot. It Is thus easy to determine the movement of the tree 
at all times of the day and night. A second lever, R, placed 
above, gives on the same plate, thermographic record of the 
diurnal variation of temperature. For this I use a differ- 
entiai thermometer, T, made of a compound strip of brass 
and steel. Curvature is induced by the differential expansion 
of the two pieces of metah The up or down movement 
of the free end of the compound strip is farther magnified 
hj the recording lever. This arrangement was extremely 
sensitive and gave accurate record of variation of tempera- 
ture. By the forward movement of the oscillating plate 
two dots are made at the same time, — one for the tem- 
perature and the other for the corresponding movement of 
the tree. As the two recorders do not move vertically up 
or down, but describe a circle, the dots vertically one above 
the other may not correspond as regards time. Any possi- 
bility of error in calculation is obviated by the fact that 
the thick dots in both the records are made every hour, 
and the subsequent thin dots at intervals of 15 minutes. 

A difficulty arose at the beginning in obtaining sanction 
of the proprietor to attach the recorder to the tree. He 
was apprehensive that its miraciloas power might disappear 
by profane contact with foreign-looking instruments. His 
misgivings were removed on the assurance that the instru- 
ment was made in my laboratory in India, and that it 
would be attached to the tree by one of my assistants, 
who was the son of a priest. 

From results of observation it is found that the tree 
moves through its entire length ; the fall of the highest 
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point of the trunk is one metre. The movement is not 



;v^ r movement of the = Praying- Palm (PU-nix dacty. 

hfera). Phermographic curve for 24 hours commencing at 9 in tbe evening 
IS given m the upper record ; the corresponding diurnal curve of movement of 
the tree is given in the lower. Successive dots at .intervals of 10 minutes ■ 

tinok dots *t intervals of an hour* • 
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passi¥es but an, active force is exerted,; the force necessary 
to conntera.ct this movement- is equivalent , to , the .weight of 
4,7 kilograms. ; in other words, .the force is, .-sufficient to: lift a 
man off the ground. But far greater force would he re- 
quired to restrain the change of curvature of the neck of 
the hard and rigid tree. 

Before entering into the investigation of the cause of 
periodic movement I shall give a general accomit of its 
characteristics. A casual observation would lead one to 
conclude that the tree lifted itself at sunrise and prostrated 
at sunset. But continuous record obtained with my recorder, 
attached to the upper part of the trunk shows that the 
tree was never at rest, but in a state of continuous 
movement, whicli underwent periodic reversals (Fig, 3). 
The tree attained its maximum erection at 7 in the morning, 
after which there is a rapid movement of fall. The down 
movement reached its maximum at 3-15 P.M., after which 
it was reversed and the tree erected, itself to its greatest 
height at 7 next morning. This diurnal periodicity was 
maintained day after day. 


UNIVERSALITY OF THEE MOVEMENT. 

The next question which T wished to investigate was 
whether the movement of the particular Earidpur tree was 
a unique phenomenon. It appeared more likely that similar 
movement would, under careful observation, be detected in 
ail trees. The particular palm tree was growing at a con- 
siderable inclination to the vertical ; the movement of the 
tree and its leaves became easily noticeable, since the 
ground afforded a fixed and striking object of reference. In 
a tree growing more or less erect, the movement, if any, 
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would esciipe iiotico, since . Biich'. mo¥.emeiitH wceilil !»♦» exe- 
cuted witli oulj the empty space as the backcn'cHUid. 

Erjieriairfif L — Believing .■ the plieooineiHm to i>e uni- 
versal I experiniented with, "■'■a- tiilferent, Dato Faiiii tliat 
was growing at my research station at Bijharia on, the 



Fig. 4. Becord uf the Siibaria Palm from noon for 24 hours. Successive dots, 
at intervals of 15 minutes. 

Ganges, situated at a distance of about 200 miles from 
Faridpnr. The surrounding conditions were very different. 
The tree was much younger ; it was 2 metres in height and 
inclined 20^ to the vertical. The curve obtained with this 
tree (Fig. 4) was very similar to that of the Faridpur Palm, 
though the extent to the movement was much reduced. 
The tree attained the highest erect position at 7-1") a.m. and 
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.the lowest, at 3-4o 'P.M., Hence the moyement of . the , Farid - 
piir Palm is not , a solitary phenomenon, 

THB] CAUBl OB' PERIODIC MOTBHENT. ' 

The reciUM*ent daily movement of the tree must he due 
to some diurnal changes, in the environment,— either the 
recurrent changes of light and darkness, or the diurnal changes, 
of temperature. These changes synchronise^ to a certain 
.extent; for, as the sun rises, light appears and the tempera-, 
ture begins to rise. It is therefore difficult to discriminate the 
effect of light from that of temperature. The only satisfactory 
method of discrimination would have been in the erection 
of a large structure wdtii screens to cut off light. The effect 
of fluctuation of temperature under constant darkness w^ouid 
have demonstrated the effect of one agent without complica- 
tion arising from the other. Unfortunately screening the tree 
was impracticable. I shall presently describe other experi- 
ments where the action of light was completely excluded. 

The curve of movement of the tree, however, affords 
us material for correct inference as regards the relative 
elf ects of light and temperature. The experiment was 
commenced in March; light appeared at about 5 A.M., the 
sunrise being at 6-15 A.M. ; the sun set at 6-15 P.M., and it 
became dark by 7 P.M. The incident light would be the 
most intense at about noon ; after this it would decline 
continuously till night time. If the movement was due to 
light, its climax, eitheir in up or down movement, would 
be reached at or about noon, and the opposite climax at 
midnight. But instead of this we find (Fig. 3) the up- 
movement reaching its highest point not at noon, but 
at 7 in the morning ; after this the fail is rapid and 
continuous, and the lowest position was reached not in 
the evening but at 3-15 P.M. The fluctuation of light has, 
therefore, little to do with ihe movement of the tree. 
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, . Tur III Q,g , next: to the element o.f va.riat!oii o.f ttniiperutiiiv 
we are at once struck by the fact .that the curve of move- 
ment of the tree is practically a replica of tht* thermo- 
graphic curve (Fig* 3)* The fall of temperature is seen 
induce, a in the tree, and vim ' veml, Thore is u. lag in 
the turning points of : the two curves; thus wliih* te:m|'iera,- 
ture began to rise at 6 the tree 'did not begin to fall 

till '7 A*M. There is in this case a ' lag of an hour; l)iii 
the latent period may, sometimes, be as long as ihia*o hoiirs^ 
The delay is due to two reascms ; it most take some time 
for the thick trunk of the. tree-" to ■ attain the temperature 
of .the siirro.iindiiig, secondly, the physiological iiieriia 
will delay .the reaction* As a' result of other iiivestigarioiis, 
I find' 'that' the induced effect- -alw’ays, lags behind ihe in- 
ducing cause. ' . It is . interesting 'in tliis coniieetion to tiraw 
attention to the ''p.a'rallel phenomenon, which is di,\scrii)ed 
below', of jag in.t.he variation of sensibility of llunimi in res- 
ponse to variation of te,mperat-u.re, ■ In this ease the iug was 
found to be about, three hours. ■ Returning to the Palm, the 
tree continues to fall in the forenoon with rising leiiiperaiiire. 
At al)Out 2-30 p*m* the .temperature was at Its iiiaxiiniiin 
after which it began to decline; ■■ the movement of t.lie tree 
was not reversed into erection;- till aftef* 3-15 p,,u*, the lag 
being now 45 miuiites ■■neari'y.- ■ 

1 may state here that the "move'meiit of the tree is not 
primarily affected by the. ,p-eriodicity; of day and night, but 
by variation of teinperature*.-' spring and in early siuri- 
mer the rise of temperature '■ during'. ihe early part of the 
day and the fall of the ■ ,tem.perature from afternoon to 
next morning, are regular 'and-. continuous : ihe c.'>rrespomliiig 
movements of the tree -are,, also ; regular., . ..But .at otlrer 
seasons, owing to the sudden ■; change of direction of tlie 
wind, the fluctuations of temperat-ure are irregular. Thus 
at night there may be a.' S'Udden'./..' rise, and in thc^ earlier 
part of the day sudden fall of temperature. And the 
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reaml iiioveiBeiit,' of tlie tree.ls, to Mlow' .'these 

hiio.iiKiliojis with astonishing fidelity, the rise of temperature 
iitdiig folio wtnl by a fall of-; the tree 'and vice versa. 
Ifjat the movement is - iletermined by the, temperature 
vurlutioii is exhibited in .a striking manner in Fig. 4^ 
wiiert*, liei\vt*en 8 and 9 A.M., a common twitch , will be 
MO tic 01,1 111 . the two curves. 

While trying to obtain some cine to the, mysterious mox^e- 
meut of the tree, my attention was strongly attracted by 
certain striking similarities which the record of the move- 
ment of the tree showed to' the curve of the dinrnal 
variation f*f moto-excitability, of ' the puivinu's' of Mimosa 
jtifflica, an aecoiiin of which will be found in a subse- 
quent 'Paper of thr series.*' 


FEJUODIC .vniVEMBNT OF TREES AKB DIURNAL VARIATION 
OF McrrO-EXCUTABILITY IN JfMOSi 

The exciiabiiity of the main pulvinns of MlNwsa ptidica 
I fimi does not remain constant daring the 24 hours, bat 
undergoes a striking periodic change. At certain hours of the 
day, the excitability is at its maximum ; at a diii'erent period 
it practically disappears. The period of insensibility is about 
7 A.M., which, strangely enough, is also the time xvhen the 
palm tree attains its maxima m height. At about 3 in the 
afternoon the excitability of Mimosa reaches its climax, and 
this is the time when the head, of the palm tree bends down 
to its lowest position. For the determination of the periodic 
variation of excitability of :..x¥imosa I : devised,. ; .a special 
apparatus by which an electric stimuius of. , constant ..in tensity 

* Sn also Bose— Dinrnal Variation of Moto-Bxoitability in J/imom— Annals 
of Botany, Vol. XXVII, No. CVIII, October, 1913. 
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was automatically applied to tire plant every Imnr of the 
day and night, the responsive moment Inditg recerdcd at 
the same time. The amplitude of responsivt' fall of leaf 
under uniform stimulus gave a measiire of excitability of 



Fig, 5. of vanation of motQ-esicitabilifcy of Mlmosfi pndkn. The ii|iper 

cunre gives variation of temiierature and ; the'.' lower, the corresponding variation 
of excitability. 


the leaf at any particnlar moment In the lower curve 
of Fig. 5 is given the record 'of ■diurnal variation of ex- 
citability of Mimosa* Comparison .of this figure Avith Figs, 
b and 4, will show the 'remarkable resemblance between 
the curves of diurnal movement of. the Palm tree, and 
of diurnal variation of . moto-excitabllity of Mikuma. The 
excitability of Mimosa reached ^ its-, 'maximum at about 3 
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ill the afternoon, when the. .Palm- was at its lowest post- 
After this hour .excitability fell continiiorisiy till . 
7 or .8- next momiiig. Corresponding to this is the con- 
tiniicms erection of, the ,PaIm ..from its lowest position 
Jit 3. P.M. to the , highest between 7 and 8 a.m* Sti.il more 
remarkable is the modifying influence of variation of tem- 
perature on the diurnal curve of -excitability in Mimosa^ 
and the diurnal curve of movement of the Palm, This 
will be quite evident from the .inspection of the tempera- 
ture curves in Figs. 4 and 5 . , 

I have shown elsewiiere’*' that the variation of moto- 
excitabiiiiy of the puivinus oi Mimosa is a physiological 
function of temperature. The remarkable similarity be- 
tween the diurnal variation of moto-excitability of 3Iimoifi 
and diiuMiai movement of the Palm is due to the fact that 
both are deternilned by the physiological action of tem- 
perature. I shall presently describe experiments, which 
will establish the physiological character of the movement 
of the tree in response to changes of temperature. 

The records that have been given show that it is the 
diurnal variation of temperature, and not of light that is 
effective in inducing the periodic movement of the tree. 
B'^urther experiments will be given in support of this con- 
clusion. 

EELATIVB BB^FBCTS OB LIGHT AND TEMPBRATUBE. 

As regards the possibility of light exerting any marked 
influence on the movement of the Palm tree, I have shown 
from s.tudy':ofc‘ -time-relations , of -.the 'movement,... .that this 
could not be the case. Moreover, it is impossible for light to 
reach the living tissue through the thick layer of bark 

Bose-— “ Irritability of Plants, ” U, 60. 
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that .surrounds ilie^tree, . Tliat tlie ■ efiVet of ilglii is io*gl!- 
gible wi.ii appear iToiii the accounts of following experimeiiis, 
where the possibility of the effect of changing hitvoisiiy 
of light 'is exciiiiled by maiiitaiiiing ibe plant in eonstanc 
dark'iiess, oi*' in eonstant ■ light. 

,Tlie employment of the large Faini was obviously 
impracticable in these , investigations. I, tJiorefore, 
3 €iarciied for other plant -organs in 'wliicli the movement 
under variation, of temperature was similar to that of the 
Date Palm. I .found , that the ■liorizontaily spread leaves of 
vigo.rous specimens of Arenga saecharifera growing in a 
flower pot execuited movements which were practically the 
same as that of the 'Faridpur tree. The leaf moved down- 
'Wards with rise ■ of temperature 'and viir 

There are many praeiicai advatitages in working with 
a small sp'Wimen. It can easily lie ]ihieed under glass 
cover or luken to a glass lioiise. Dius compleidy tdiininat- 
ing the troublesome disiurbance cansed by iln* wind. 

Diurnal nioveuteht tn cfmtmued dftudcHes^ : ID'prrinn^nt 2 — 
The plant svas placed in a dark room and records takeii 
coBtiniioufely for three days. These rlid not differ in any 
way from the normal records taken in a glass house under 
daily variation of light and dar.kn6ss. Exposure of plant 
to darkness for the very prolonged period of a or 

more, undoubtedly interferes wvith the healthy photo-tonic 
condition of the plant. But such unhealthy condition «lid 
not make its appearance in the first few days. 


PHYSIOhOGIOAL CHARACTER '-OF THE MOVEMENT. 

There may be a misgiving that the movement of the 
tree might be due to physical effect of temperature. If the 
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upper strip., of a differential thermometer be^ made . of the 
iBO.re .expansible brass and the lower of iron, the compound 
strip bends down with the rise of' temperature. Similarly 
tlie^ movement'^ of ' the. ..tree ■, might, d)e due to the ..upper . half 
being, .physically "'m.ore expansible, ■. 'It, would , . ^.have ' been., 
possible- to discriminate the physical, from the physiological 
action by causing ,' the death of the tree -; in that case physi- 
cal movement : would have , persisted, ■ while the physio- 
logical action' would have disappeared, - . As this .test was 
not practicable, I tried the effect of physiological depres- 
sion on the periodic movement of the leaf of Atenga 
mccliarifera. 

Effect of Drought : Experiment -5 .—In Fig. 6 is given 
a series of records of movement of the leaf-stalk of Are7%ga^ 
first under normal condition, afterwards uiicier increasing 
drought, brought about by withhoklkig water. The 
uppermost is the thermographic record which remained 
practically the same for successive days. Below this 
are records of movement of the leaf (a) under normal 
condition, (I)) after withholding water for three days, and 
(c) after deprivation for seven days. It will be noticed how 
the extent of movement is diminished under increasing 
physiological depression brought on by drought. On the 
seventh day, the responsive movement disappeared, there 
being now a mere fall of the leaf, which was slow and 
continuous. After this I supplied the plant with w^ater and 
the periodic movement was in consequence nearly restored 
to its original vigour, ' 

Effect of jyoimri: Experiment 4 *- — In another experiment 
the normal diurnal record with the leaf was taken and 
the plant was afterwards killed by application of poison- 
ous solution of potassium cyanide. The diurnal movement 
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was found permanentlj' abolished at the death of tin; 
plant. 



Fig, 6. Effect of physiological depression on diurnal movement of the 
petiole of Aren^a saccharifera. The uppermost curve exhibits variation of 
temperaiurej (a), normal diurnal curve, (6), modification after 3 days’ and (c) 
after 7 days* withholding of water. 

These experiments coneltisi'vely prove that the periodic 
movement of the leaf-stalk induced by variation of tem- 
perature is a physiological phenomenon, and from analogy 
we are Justified in drawing ..the inferences that the move- 
ment of the Faridpnr tree is ^ also physiological* The 
question, however, was finally settled by the nnfortnnate 
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death of the tree ' which occurred the other .day, .nearly a 
year after 'I coiiimeneed my investigations. While presid- 
ing at my lecture on the subject,' His I'xcellency -Lord 
'Roiiaidshay, the Governor of , Bengal, announced that- a tele- 
gram had just reached .him from his officer , at Paridpiir 
that ‘Hlie palm tree was dead, and that its niovenaents had 
ceased.” ■ ' 

Since my investigation with the Farldpiir ‘Praying, 
Palm, I have received information regarding other Palms, 
which exhibit movements equally striking. One of the 
trees is growing by the side of a tank, the trunk of the 
tree being inclined towards it. The up-lifted leaves of 
this tree are swung round in the afternoon and dipped 
into the water of the tank. 

The movement of the tree has been shown to be 
brought about by the physiological action of temperature 
variation ; in other words the diurnal movemeot of the 
‘ Praying’ Palm is a thbrmonastic phenomenon. I have 
found various creeping stems, branches and leaves of 
many trees, exhibit this particular movement of fall with 
a rise of temperature, and vice versa. Such movements, 
I shall, for the sake of convenience, distinguish as belong- 
ing to the negative type. 

Having found that the temperature is the modifying 
cause, the next point of inquiry relates to the discovery of 
the force, whose varying effects under changing temperature 
induces the periodic movement. I shall, in this connec- 
tion, first discuss the various tentative theories that may 
be advanced in explanation of the movement. 

TBANSPIBATION' and' nroRNAIi MOVEMENT. 

It may be thought that the fall of the tree during 
rise of temperature may be due to passive yielding of the 

4 A 
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tree to ; its . weighty there .being '.iBcraased triinBpiratiuii aini 
general l..,oss of turgor at. high temperature- I shall, how- 
ever, show that , the cliarnal" movenie.iit persists in, .the 
absence of transpiration* 

Dmrnul mopement in aimenee of' trampiralion ; E.rjiepi- 
ment 5,— In the leaf of Arenga ' saeclmrifera^ I fount! that 
the petiole was the organ of - movement. I cnt off the 
.traiispMng lainin.a and 'covered the cut end with colicMlion 
fiexiie. The plant 'was now placed in a chamber satnratecl 
with iiiolstiire. The petiole- continued to give record-s at* 
its cliumai nioveiiient in every way si.iiiilaF to the record 
of the intact leal In another . experiment with . the water 
plant, ^Ipoe?nia reptans^ 'immersed .in water, the iior.inai 
diurnal movement was given by .the plant, where there 
could be- no question, of variation of turgor due to trans- 
piration. (Se-e also E:ppt. 7*) 

In the diurnal movement' of the ^Praying* Palm the 
concave curvature of t.he rigid neck in tlw morning, 
became- flattened or sMg.htly convex in the afternoon. 
The force necessary to cause- this is enormously great, ami 
could on no account result from - the passive yielding to 
the weight of the upper part.' of -the tree., . 

Prom the facts given above it-' ■' will be seen that the 
diurnal movement Is not brought , about by variation in 
transpiration. I now turn' to : another phenomenon which 
appeared at first to have some connection with the move- 
ment of the tree. Kraus found ' that the tissue tensions of 
a shoot exhibit a dally periodicity. He, however, found 
that between lO^C. and ■30^'C.,. „ variation of temperature 
had no effect on the daily' period. , But as regards the 
diurnal movement of the tree, it .Is. the temperature which 
is the principal factor. Kraus -also found a dally variation 
of bulk in different plant-organs ; this variation of bulk 
Is connected with transpiration, 'for the removal of the 
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..transpiring .leaves' arrested this, variation.' But the periodic 
inovement .'of the tree, 'as we . -' have . seen, is independent 
of transpiration:* 

..Mill.ardet ,obse.rv'ed : . dailj’’.- periodicity, of . tension in 

Mimosa pudica. He ■ found - that maximum., tension occurs 
before dawn ; the petiole becomes erected, the movement 
being . upwards' or .^towards the tip ■ of .the .stem. . Tensi.on 
■decreases during, the., day, - -and .reaches a miniiiium - early, 
in the evening.' : ill correspondence 'with this is . the fall 
of the petiole, the' movement - Being away from fhe tip 
of ...the .stem** .: If the. plant were ..placed upside down the 
periodic movement of. the . petiole ' in relation to the .stem 
■will, evklentiy remain • the 'same, . but. .become, reversed .in 
space. . Maximum tension- in. the morning: will . make - the. 
peti.-ole approach, the ^ -tip .of the’., - stem, ..le., : t.he .movement' 
will be downwards , instead ..of.'.: upwards : as in- the . normah 
position. The experiment ■. -described ' below will show- that 
the diurnal movement induced by. variation of temperature 
is not; reversed by placing the. plant in:' an inverted posi- 
■■' tion.' ' 

Diurnal movement in ' . inverted position : Experiment 
6 * — I took a vigorous -specimen of: grow- 
ing in a pot, and took its ■normal record,, which as explained 
before exhibited down-movement^ during rise, and an up- 
movement during fall . of temperature. The plant was now 
held inverted, the upper -side of ■ The petiole ' now facing the 
earth. The diurnal curve', of movement ' sho;uld now show 
an - inversion, if ' that movement.: . was solely . determined by 
The anisotropy ' of the' organ.: ■ :Bat .-' tlie record did not exhibit 
any such ^.Inversion.; After, .being- placed 'upside down, the 
leaf did not, on the .first day,, show any diurnal movement; 
there was, on the other hand, .'a. "'continuous down-movement 

Vines.— ‘Physiology of Blantpf lS86, pp. 405 and 543. 
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oa accoiwf of the fall , of the leaf hv Its own weiglit. 
Blit 111 the course of 24 . hours the leaf readjastjol itself In 
its miiacciistoBied positioa,- and becaine soniewhai erected 
tinder the action of geotropic stiiaiilns. After tlie atlaiii* 
meat of this new state of ^ geotTopic ■eqiiilibriniii, the leaf 
ga¥e a verj proaoiiiiced record of Its diurnal irioveineiit 
.which clld not show any, reversal; the inverteil leaf con- 
tinued to exhibit the same characteristic movements as in 
the . normal position, that is to say, a down inoveriieiit 
■during rise, and an np-moveme-nt during fall of temperature. 
As the plant' in the inverted position did not show any 
reversal .of the periodic . curve, it is clear that the diurnal 
movement is determined by the modifying intinencc^ of 
temperature on the physiological reaction of the plant to 
■some external stimulus which ■ is constant in direction, 1 
shall pr^e'sently show^ that it is the constant geotropic stimulus ' 
modifieti by the action of temperature, which ileterinines tlie 
diurnal movement of the tree. 

This will be better understood if I refer once* more to 
certain characteristics in the movement of the Praying” 
Palm. The neck of the tree was seen to be concave in 
the morning,. The physiological effect of raising tempiisra- 
ture is virtually to oppose or .■nautraliBe the geotropic curva- 
ture as seen in the tiatteni.ng or slight reverBiil of curvature 
in the afternoon. Similarly,, .various plant organs, growing 
at an inclination to they vertical, are subjected to gc-^otropic 
action, and thus assume 'different - characteristic angles. This 
state of equilibrium is not -statio . but may better be de- 
scribed as dynamic ; for It W'ill 'be shown that this state of 
geotropIc balance 'is upset ' ■.in ,a. definite way, by variation 
of temperature. ' . 

That geotropism is an important factor in the diurnal 
movement is supported by the fact that the Bijbaria Palm with 
an inclination of 20° to the ■ vertical exhibited a daily 
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movtoent , whieh: was only moderate in, extent. • But the 
Faridpur Palm growing- at .an. inclination O'f 60^ was 
subjected more effectively, to^ geotropic^ action, and exhibited 
movements which were, far more prononnced. I shall now 
proceed to describe crucial e.xperiments which will demon* 
strate the effect of change of temperature on geotropic 
curvature. 


EFFECT OF VARIATION OF TEMPERATURE ON GEOTROPIG 

CURVATURE. 

In the instances of diurnal movement already described 
the trees or their leaves were already at an inclination to 
the vertical. I now took a radial and erect shoot of 
Bmella mrdifoUa growing in a pot and laid it horizontal- 
ly for two Aveeks. The procumbent stem curved up and 
attained a state of equilibrium under the action of geqtropic 
stimulus. 

Dmrnal curve of Basella cordifolia : Experiment 7. — 
The plant was completely immersed in a vessel of water, 
and its diurnal curve recorded. This resembled in all 
essentials the diurnal curve of the Palm; the slight 
deviation was due to the fact that owing to difference in 
the season (August) the temperature maximum was attain- 
ed at "12-25 P. M., and the minimum at 6 a. m. The gaotro- 
pic curvature was reduced to its miuimmn at the maximum 
teniperature, vice ;As in the case of the Palm 

so also ill the procumbent stem of Basella there was a 
physiological lag, which was 50 minutes in the morning 
and about the same in the afternoon. The free end of 
the stem thus exhibited a diurnal movement up and down. 
The temperature, as . stated - before,, began to rise from 
6 A. M. and the down-movement commenced 50 miiiutes 



26 


LIFE MOVEMENTfi IN> PLANTO 

later, i.e., at 6-50 A. M. The temperature, after roaching 
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Fig. 7. Diiirual ciirvo of movement; of procumlient young gtem ot .irimo.ia 
pvdica. Sncceaaivo ilota ;ii intervals of 15 minutes. 

the Diaximum, began to fall at 12-25 P. m., and the pre- 
vious movement of fall of the stem was arrested and 
reversed into an erectile movement shortly after 1 p. M. 
There are thns two “ turning points,” one at 7 a. m., and 
the other at about 1 p.m. ; at these periods the movement 
of the plant remains more or less arrested for more than 
half-an-honr. 

I obtained records of similar diurnal movements with 
various procumbent or creeping stems. Figure 7 gives the 
diurnal record of the procumbent stem of a young specimen 
of Mimosa pudica. 

The experiment that has just been described shows 
clearly that geotropic curvatures of stems is opposed, or 
neutralised to a greater or less extent, during rise of tem- 
perature, and this antagonistic reaction is removed during 
the fall of temperature. The diunial movement of the 
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plant/; conipletely; immersed water shows onee more 

that transpiration, has little.' to do .with the dimrna! „„move- 
mentu ,• ■ ■ ■ 

RBYERSAL OF NATURAL .RHYTHM. 

The diurnal rhythm of up and down movement in 
the particular specimen Basella had become established 
under the daily variation of temperatnre. I now attempt- 
ed to reverse this rhythm by artificial variation of tem- 
perature. The plant was placed in water in a rectangular 
metallic vessel which was placed within a second outer 
vessel. The plant could thus be subjected, without any 
mechanical disturbance, to variation of temperature, by 
circulating warm or cold water in the outer vessel. In 
order to reverse the natural rhythm I subjected the plant 
to the action of falling temperature at the “ turning ” point 
at 7 A. M., at a time when the plant would have under- 
gone a down-movement under the daily rise of temperature. 
Conversely the plant was subjected to the action of rising 
temperature at the second ‘burning ” point at 1 p. m.? when 
the movement under diurnal fall of temperature would 
have been one of erection. 

Effect of fall of te^nperaUm : Experiment 8 . — As stated 
before the experiment was carried out in the morning ; 
ice cold water was circulated in the outer chamber, the 
fall of temperature was in this case sadden, and there was 
an almost immediate responsive movement. This appeared 
anomalous, since the latent period of response to slow 
variation of temperature was found from the diurnal curve 
to be as long as 50 ^ ^ 

As a result of further investigations I found that variation 
of temperature produces two different effects which may be 
distinguished as transient and persistent. Sudden variation 
of temperature affects the superfLCial tissue, and gives rise 
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to a transleiit , reaction, / it' takes a fiiiip for 

temperature Tariati cm to react on the neotropical iy active 
tissue ill the interior. , The .persistent ellect therefore takers 
place after a latent period from one to three liorirs accord- 
iiig to the thickness of the plant. 

The persistent effect of rise of. temperature is % more- 
ineiit clownwards^, that of fall of tempemtiire ,1s a , niove- 
ment ' npwa,rd,te. ■ These definite reactions will be seen 
exhibited in Figs. 8 and Ih The plant was 'sratio.i:iary at the 
tiiming point in 'the morning hence the , curve at first was 
horizontal. The teinperatare was .gradually lower ed through 
5 0.5 from '29 "C, to' 24 -'C. in the course of five iiitiiiitea 
and .maintained at the lower temperature. There was no 
immediate effect, but after a latent period of fio minutes 
the plant . responded by a- movement of enaction. The 
natural movement at this period of the day would have 
been one of fall, hut artificial change of temperature in 
the opposite direction effectively reversed the normal 
diurnal movement. The latent period for this reverse 
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Fig. 8. Reversal of normal rhythm: Breotile response Baseila to srnwhuil fall 
of temperature. 

Fig. iK Responsive fall of Basella to gradual rise of temperature. 

(Dots at intervals of 5 minutes). 
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movement' is,.; as stated 'before, 65 minutes as against , 50 
minntes in the normal diurnar moyement.' The increase 
in the latent period is probably due to' the added ' physio*, 
logical : mertia in reversing the ■ normal . rhythm, ^ , 

Effect o/ rue of temperature: ExperimeMt ,9,— The tem- 
perature was raised through 5^0 at the second turning point 
6t 1 P.M, After a latent period of 50 minutes the plant 
began to rise steadily (Pig. 9) thus exhibiting once more 
the reversal of its normal diurnal movement. 

Prom the experiments described above it will be seen 
that the movement of the Palm, and of other organs growing 
at an inclination to the vertical, is brought about by the 
action of temperature in modifying the geotropic curvature. 
The ever present tendency of geotropic movement is opposed 
or helped by the physiological reaction induced by rise 
and fall of temperature lespectively. The state of equili- 
brium is never permanent, but the dynamic balance is 
being constantly readjusted under changing conditions of 
the environment. 

The movement of the tree furnishes an example of 
th .^ negative type of theemonaSTIC movement. Parallel 
phenomena are found in doral organs, where, in the well- 
known instance of Crocus, the perianth leaves open out- 
wards during rise of temperature and close inwards during 
the onset of cold. Looked at from above, the opening out- 
wards during rise of temperature is a movement downwards, 
and therefore belongs to the such cases 

the changed rate of growth by variation of temperature 
is the , most important factor in 'the movement. It may 
be asked whether all thermonastic movements must neces- 
sarily belong to the type, where rise of tempera- 

ture is ■ attended by a movement downwards. I shall in 
my Paper on Thermonastic : Phenomena ” show that there 
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is, oho ■ ^ posit im ippe where rise of .temperafeiire tBi1«ees ,aii 
,ii|>niO¥eiiieiit or ,of closore, 

■ BUMMAliY; 

The Praying ’ Palm of Paritlpnr, growing at an 
iiiclinatioii of about 6tP to the vertieal, exhibited a diurnal 
movement by which its head became erected in the iiiOFiiing 
and depressed towards the afternoon, the outspread leaves 
pressing against the ground. 

The record of the diurnal movement showed that the 
liead was erected to the highest position between 7 and 8 

■h 

In the iiiorning, after which there wms a coiiliniious fall 
which reached its , climax at 3-15 T.M. ; after this the move- 
ment was reversed and the maximum erection was agai.n 
reached next morning. 

This ■ phenomenon is not. unique, but Is found exliililted, 
more or less, by all trees and' their .branches and leaves. 

Dliirual records of temperature,, and inovemeiit of the 
tree showed,, that the two curves ' closely rescnnbled tuich 
other. Rise of temperature was ' attended by a fall of tlie 
tree,' and vice versa. 

The . movement is brought about by the physiological 
action of temperature it may be- -arrested by artificially 
induced physiological depressioiip and is permanently 
abolished at death. 

The movement is primarily; .determlnc^d by the modify- 
ing influence of temperature on '.'geotropic curvature. Rise 
of temperature is found to-/ oppose' 'or neutralise geotropic 
curvature, the fall of temperature -inducing the opposite 
effect* The ever present tendency ^ of "upwards geotropic 
movement Is opposed or - helped' by , the -effects of rise and 
fall of temperature respectively, 

The movement of the Praying Palm is a therinonastic 
phenomenon. The tree, apparently,;, so rigid, respomls as a 
gigantic pulviiioid to the changes of its environment. 



Ill— ACTION OF STillDLUS ON VEGETABLE TISSUES 


By 

Bze J, G. Bose, 

Assisted by 

l^ARmmA Nat« Sen Gupta. 

The leaf of Mimosa pudica undergoes a rapid fall when 
BTibjectecl to any kind of shock. This plant has, therefore, 
been regarcled as sensitive/’ in contradistinction to ordinary 
plants wMoli remain apparently immobile under externai 
stimulus* I shall, however, show in course of this Paper 
that there is no Justification in regarding ordinary plants 
as insensitive. \ 

Lex IIS first take any radial organ of a plant and subject 
it to an electric shock. It 'will be found that the organ 
iiiiilergoes a contraction in length in response to the 
stimulus* Oa the cessation, of excitation the specimen 
gradually recovers its Driginai length. Different organs of 
plant may be enrployed for the experiment, for example, 
the tenclril of the / pistil of Datura^ or the 

flower bud :Q>t' Gnrmm. The shortening may be' observed by 
means of a; low power ■ imioroscope. Greater : importance is, 
however, attached to the detailed study of response and its 
time relations. The pull exerted by a delicate .organ during 
its excitatory co ntr action is slight ; hence arises the neces- 
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sily, of dmlmig a very sensitive apparatus, wiiirh would 
give records magnified from ten to a liiiiidrt?d times. 

liESPONBE RECmEBEIiS. 

. The iiiagiiificatioii of movement is prodiietMl by a light 
lever, the short arm of which is attached to the plant 
.organ, the long arm tracing the record on a moving aiiioked 
plate of glass. The axis of the lever is supported l)y Jewel 
bearings. The principal difficnlly in obtaining accurate 
record of response of p.iant lies in the friction of contact 
of the recording point against the glass surface. This 
difiioiiliy .1' have been able to overcome by providing ii 
device of Intermittent instead of continuous contact. For 
this, either the writer is made to vibrate to ami fro, or 
tiiO' recording plate is made to' oscillate backwards and 
forwards. 

1. The Resonant Bmorden , — In this the writing ievtu* is 
made of a fine steel wire. One end of this wire is supported 
at the centre of a circular electromagnet ; diis latter is 
periodically inagoetisad by a coercing vibrator, which com- 
pletes an electric circuit ten hundred, or two hundred times 
in a second. The writing lever is exactly tuned to the 
vibrating interrupter and is thus- -thrown into sympathetic 
vibration. Successive dots in the record thus measure time 
from 01 to 0*05 second. The employment of the Resonant 
Recorder enables us to measure extremely short periods, of 
time for the determination of^ -the latent period or the 
velocity of transmission of excitation.* 

2. The Magneiic Tappe7\---MeB.Burement of very short 
intervals is not necessary ^ in.; ordinary records of res- 

*5* For detailed description c/. Bose.— An Automatic Method for Invei^^tlgaiion 
o! Velocity of Transmission of Excitation in Mlmos/x.*’— Phil Tmiis., B. vol ^04 , 
(W13). ■ . 
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poiise. In .tills, type of recorders, • the, circular , magnet' is 
'tliere,fore excited at longer intervals, from several seconds 
to several minutes^ this- Is''do.n 0 '.by completion, of .the', 
eleci.ric , circuit, at: the required^ intervals, by means of .a 
.key operated by, a clock., 

: 3, . The Meclmniml Tapper,— In .this, magnetic tapping 
is discarded in favour of mechanical, tapping. The hinged 
writing lever is periodically pressed against the recording 
plate by a long arm, actuated by clock-work. 

i. The Oscillating Recorder ,— the plate itself is 
made to oscillate to-and-fro by eccentric worked by a 
clock. The frame carrying the plate moves on ball- 
bearings. The advantage of the Oscillating Recorder lies in 
the fact that a long lever, made of fine glass fibre, or 
of aluminium wire, may be employed for giving high 
magnification. A magnification of a hundred times may 
be easily obtained by making the short arm 2*5 mm. and 
the long arm 25 cm. in length.'*' 

RESPONSE OF A RADIAL OItGAX. 

E,cperim£rit 'JlO,—A^i\ typical example I shall describe the 
response of a straight tendril of Passifiofa, A cut specimen, 
was mounted with its lower end in water. Suitable electric 
connections were made for sending a feeble induction shock 
of short duration through the specimen. In this and all 
other records, unless contraxy be stated, up-curve re- 
presents contractile movement. On applicatioii of stimulus 
of electric shock, an excitatory movement of contrac- 
tion occurred which shortly reached its maximum ; the apex- 
time; was one minute-, and forty seconds,'' and recovery 
was completed after a further period of five minutes 

Bose— “ Reaearohes on Irritability of Plants,*’ p. 279 — Longmans, Green & Co. 
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(Fig. 10). , . Stronger shocks .. iiidaee greater coniructioii 



Fig. 10. Bespoase of a straight 'te’-idril of Pmsifiora to eiectric a,liock. Suc- 
cessive dots at intervals of ,5 seconds. The ■ vertical, lines below are at intervala 
of a miiiuie. Tn this and in all following reco,rds (unless stated to the contrary) 
up-curve represents contraction, and^ down-curve expansion or recovery. 

with prolongation of the period of recovery. The speci- 
men was afterwards killed by application of poisonous 
solnlion of potassium cyanide ; this brought about a per- 
manent. abolition of response. The experiment just 
described may bo taken as typical, of response of radial 
organs. 

Ill a radial organ contraction takes place equally in 
all directions ; it therefore shortens in length, there being 
no movement in a lateral plane. But if any agency 
renders one side less excitable than its opposite, diffuse 
stimulation will then induce greater contraction on the more 
excitable side which will therefore become concave. 

RESPONSE OP AN ANISOTROPIC ORGAN. 

Excessive stimulation is found to reduce the excitability 
of an organ. Under unilateral mechanical stimulation a 
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tendril of Pmnflora becomes' 'hooked -or, coiled., the con-;, 
cave being the exeited side. From what' has been . said, 
the nnexcited convex side ■ will relatively be the more 
excitable, ; 

Experiment ii, — I took .. a specimen .of hooked: tendril, 
and excited it by an electric shock. The response was 
by the greater contraction Of the more excitable convex 
side, on account of which the curved specimen tended to 
open out. The record of this response is seen in Fig. 11; 



B%. 11. Eesporise of a hooked fcendril of Passifiora lo eleefcno shock. Sue- 
ceasive dots ac intervals o'f 5 seconds. .. 

the apex-time was nearly two minutes, and the recovery 
was completed in the further course of 15 minutes. 

From the responses of organs rendered anisotropic by the 
diiferential action ■ df the environment we ' pass to others 
which show certain amount of anatomical and physiologi- 
cal differentiation between -their' upper and lower',.. sides. I 
find that many. , -petioles ' .of ■ leaves -show .ixiovement in re- 
sponse to stimulus* ./Many - pulvini, generally , -regarded as 
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iasensitive, ■ are also ' found ' to . /exliibit, responsive' move- 
ments*, 

BESPOKSB OF THE ' FITEVIKtrS OF /'/7oe,!. 

■ ■ The most striking and familiar example of response is 
afforded by the main pulvinos ‘.Mimosa puiiea of 'wliicli 
a , record ■ is , given in. Fig. 12. It is generally assuiiied 



Fig. .12. iiessponse of ’the main pulviniiB of Mimoui p>oHai. 

that sensibility is confined to the lower half of the organ. 
It will be shown in a subsequent Paper that this is not 
the case. The upper half of the pulvirms is also sensitive 
though ill a feeble degree, its excitability being about »H0 
times less than that of the lower half. On «Iiffuse stimu- 
lation the predominant contraction.,., of .fhe lower half causes 
the fail of the leaf, the antagonistic ■ reaction of the upper 
half being, in practice, negligible. In order to avoid un- 
necessary repetition, I shall ignore the feeble antagonistic 
reaction of the less excitable half of the organ, and shall 
use the word ‘ contraction * for ‘ relatively greater con- 
tractiond 
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It is interesting in' this connection to refer to the re- 
sponse ' of the, leaf , of Water' Mimosa {Nej^timia ■ oUracea'), 
Here the reaction is very sluggish in comparison with that 
ol 3£imosa^ pudica, A tabular statement of contractile re- 
sponse of various radial, anisotropic and piilvinated organs 
will show a continuity in the contractile reaction ; the differ- 
ence exhibited is a question of degree and not of kind. 


TABLE I. — PERIODS OF MAXIMUM COXTBAeTlON AND OF RECOVERY OF 
DIFFERENT PLANTS. 


1 

Specimen. I 

.1 

Period of maxi- 
mum contrac- 
tion. 

Period of recovery. 

1 

j Radial oi'gan : 



1 

1 Tendril of ... 

100 seconds 

4 minutes. . 

1 Anisotropic organ : 



1 Hooked tendril of Fass>flora ... 

1 , . , ■ . . 

120 „ , 

13 „ 

Rulvinated organ : 



Puivinim of 0/emcea 

180 „ 

57 „ 

P ul vinus of 

3 „ 

16 „ 


As regards the excitatory fall of the leaf of 
Mimosa p)udica, Pfeffer and Haberlandt are of opinion 
that this is due to the sudden diminution of turgor in the 
excited lower half of the pnlvinus. The Aveight of the 
leaf, no longer supported by the distended lower ceils, 
causes it to fall. This is accentuated by the expansion of 
the upper half of the pul vinus which is normally in a state 
of compression. According to this view the excitatory fall 
of -the leaf is a passive, rather', than ; an active, movement. 
I have, howewer, found 'that in' determining the rapidity of 
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tlie fair.of of expansive force of 

the' upper lialf of the piilviiius' and the weight of the leaf 
n€giigil)lo ccHiipara^^^^ to the active force <jf contraction 
exerted hy the low.er , half ' of the. piiiviniis,(p, 87), 

With regard to the fall- of turgor, it Is not definitely 
known whether excitation causes a sudden diminution in the 
osmotic Strength of the celi-sap or an increase in the 
permeability of the ectoplast to the .osmotic constituents 
of the cell, Pfeffer favours the former view, •while others 
support the theory of, variation of permeability, 


EKSPONSB OF PUIiVIXrUB OF MJ^foSA TO V,ABi,A,TIOK OF 

FUBGOR. 

Whatever difl'erence of opinion there, may be in regard 
to the theoriOvS of osmotic and permeability variations, w^e 
have the indubitable fact of diminution of turgor und 

contractile fall of the pulvinus of Mimosa under excita- 
tion,. ■ The re.storation of ;the" .or.igmal turgor brings about 

recovery and ei*ectio,n of: the - leaf. In connection with 

this the following experiments, -on responsive movements 
of the leaf under artificial variation of turgor will be 
found of interest-: — , , ' ' 

With, reference to the fall cf Mimosa leaf Jost says : “ When the pressure 
of the cell decreases we naturally assume this to be due to a decreasin^i- 
osmotic pressure due to alterations in the permeability of the plasma, and an 
excretion of materials from the cell. It is a remarkable fact that plasmolytic 
research (Hilburg 1881) affords no e¥idence of any decrease in osmotic pressure. 
No complete insight into the mechanism of the stimulus movement in Mimosa 
has yet been obtained, although one thing is certain, that there is a ■ decrease 
in the expansive power on the under /side of the articulation.’'-~Jost, ‘'Plant 
Physiology "—English Translation, p. 515.. - ■ Clarendon Press (1907). Blackman and 
Paine think that the loss of tnrgor pn excitation “is probably due to the. dis- 
appearance or inactivation of a considerable portion of the osmotic substances of 
the cells."— Annals of Botany, Vol. XZXIl, No. OXXXV,Jan. 1918, 
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\ ,Eff^ect 'of I^wreased Turgor : Experiment 12 * — A yoimg 
Mimosa plant was carefully transplanted and the root 
embedded in soil placed in a linen hag. This was- held 
securely by a clamp, and one of the leaves of the plant 
attached to . the recorder. Withholding of water for a day 
caused a general loss of turgor of the plant. A vessel 
full of water vras now raised from below so that the 
linen bag containing the roots was now in water. The 
effect of increased tui^gor by suction of water by the 
roots became apparent by the movement of the 

leaf. The distance between the immersed portion of the 
plant and the leaf was 2 cm. and the up-mo venient of 
the leaf • was indicated within 10 seconds of application of 
water (Fig, 13). The velocity with which the effect of 



Fig. 13. Response of Mimosa pul vimis to variation of turgor. Increased turgor 
■by application of water at point marked with vertical arrow induced erectile move- 
me»n.. Diminution of turgor by application of KNO 3 solution at the point marked 
with the horizontal arrow, brought about the fall of the leaf wdthin 80 seconds. 
Successive dots at intervals of 5 seconds. (Ihe down curve represents up-movement 
and'tjfce rersA) 
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increased . turgor traYelled-' was thiis 2 ioiik per second* 
The leaf exhibited iiicreasliig ' erection with ahsorptitoi of 
water., 

. Effect of Dirm^nitkm '/ ff- Turgor : E.egerhnenl VL— 
While the' leaf in the above experiment was in piNjcess of 
erection, a q'liicb change was made by sobstitiiting KXO.^ 
solution for the water of the -vessel i'a which the roots 
were immersed.. The plasniolvtic witliilrawal of -water at 
the roots gave rise to a wave of d|-niinislie(l tiirgoi, tlie 
ell'ect of which became 'perceptible , within 4Ct seconds . bj" 
the, movement of fall of the leaf. - (Fig. 13.), 


DIPFEREKT MODES OF BTIMULATIOX. 

In Jlirram. excitation is manifeste<l hy th»‘ contraction 
of the pulviniis and the constMpxent movement of the leaf. 
But in most plants, exeitator}^ movemeni cannot ]>e realijs- 
ed on account of the rigidity of the plant structure, the 
thickncBS of the cell-wall and the wuint of facility for 
escape of water from the excited cells. I sliail show later 
how excitation may be deteeted in the absence of rruudiani- 
cal movement. 

As regards stimulation,.;. of vegetable tissues, tliere are 
.various agencies besides Blectrie,. shock, whicli induce excita- 
tory contraction ; these agencies X ..vShall designate as stimuli. 
Excitation is detected in 3Iimma by the downward move- 
ment of the leaf. It will be found that such excitatory 
movement is caused by a meehanieai blow, by a prick or 
a cut, by the application- .of certain chemical agents, by 
the action of electric curren.fc.,- and' ;by the action of strong 
light - The study of the ; action,. of, these stimuli will be 
given in greater detail , in,'- subsequent Papers. 
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. I sli.a.ll, give. . below a 'general ■ ciassifi.c.atioii of ,, different, 
stimuli wiiicli cause excitation .in vegetable' tissues. 

.Electric Stimulus . — Induction shock, condenser discharge,, 
the make of kathode and the break of anode. ■ , 

Mechanical Mechanical blow, .friction, .prick 

or cut. 

Chemical 8timtdiis,-~-Ei^eQ>i of certain acids, and of 
other chemical substances. 

Thermal Stimulus . — Sudden variation of temperature ; 
application of heated wire. 

Radiation Stimulus . — Luminous radiation of the more 
refrangible portion of the spectrum ; ultra-violet rays ; 
thermal radiation in the infra-red region. 

AH these different forms of stimulus induce an excita- 
tory contraction, a diminution of turgor, and a negative 
mechanical, resjionse or fall of a motile leaf. 


SUMM ABY. 

A radial organ responds to stimulus by contraction in 
length; as all its flanks are equally excitable there is no 
lateral movement under diffuse stimulus. 

Physiological anisotrophy is induced in an organ, origin- 
ally radial and isotropic, by the unequal action of the en- 
vironment on its different sides. Diffuse stimulus induces a 
greater contraction of the more excitable side. 

In a curved tendril the concave side is less excii- 
able than the convex. Diffuse stimulus tends to straighten 
.■the :''..cu.rved'''' tendril. 
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In the piiMiiiis of 3£imo$a pudtea^ fclie lower liaJf 
.eighty ■times iiiore excitable ..than the tipper, am! flu* fall of 
the leaf is due to the predominant coiitra'Ctiori cd' the more 
.excitable .lower hall 

■ A diiiiliiiitioii of turgor takes .place in the excited cells. 
Restoration of turgor brings about reco%-'erj td' ilie leaf 
to its noriiiai erect position,' Independent experiiiieiits show 
that the fall of the leaf 'may be brought alioin by an 
artificial diniiniitioii ol turgor, and the erection of ihe leaf 
by an i.iierease of turgor. 



M?.—BIURNAL VARIATION OF 
MOTO-EXCITABILITY IN MIMOSA 

'■ BY 

Sir J. Bobe. 

SEVBRATi phenomena of daily periodicity are known, 
blit the relations between the recurrent external changes anti 
the resulting periodic variations are more or less obscure* 
As an example of this may be cited the periodic variation 
of growth. Here the daily periodicity exhibited by a 
plant is not only different in varying seasons, but it also 
differs in diverse species of plants. The complexity of the 
problem is very great, for not only are the direct effects 
of the changing environment to be taken into consideration 
but also their unknown after-effects. Even in the case of 
direct effect, different factors, such as light, temperature, 
turgor, and so on, are undergoing independent variations ; 
it may thus happen that their reactions may sometimes be 
concordant and at other times discordant. The nyctltropic 
movement of plants affords another example of daily period- 
icity. The fanciful name of ^ sleep’ is often given to 
the closure of the leaflets of certain plants at night. The 
question whether plants sleep or not may be put in the 
form of the definite inquiry : Is the plant equally excitable 
throughout day and night? If not, is there any definite 
period at which it pract^jally loses its excitability? Is 
there, again, another period at which the plant wakes up, 
as it were, to a condition of maximum excitability ? 

In the course of my investigations on the irritability 
ot Mimosa 'pudica^ I became aware of the existence of such 
a daily periodicity ; that is to say, the moto-excitability 
of the pulvinus was found to be markedly diminished 
or even completely abolished at a certain definite period 



44 


LIFIS MOTlMlgNTS IN. 'FLAK'TS 


of tlie da}" ; at another equally definite period, the excit- 
ability was ofaseiwed to, have attaincai its el i max. The 
obser'eatiofiS on the periodic .■ variation of excital}i.litT ap- 
peared at first to ' be extremely pii-zjsliiig. ■ It might be 
tlioiiglit, for example, that light would prove to be fa'\'oiir- 
..able , for ' niotOHexeitabi,!ity, ; in actual experiiiieiit the results 
apparently contradicted such a sapposifclon : for the excit- 
ability of the plant was ■ found much higher in the even- 
ing than in the morning. Favourable tempenitiire, again, 
might be regarded as an important factor for the eii- 
liancenient of,, the moto-excitability ; it. was, neverthelesst 
foimd t,hat thoiigh the, excitatory response was only 
moderate at that period of night when the temperature 
was at its minim mo, yet the excitalnlity was altogether 
abolished at another period when the temperature was 
several degrees higher. The obscurities which surroiindetl 
the subject were only removed as a 'result' of protracted, 
investigation and comparison of continuous automatic re- 
cords made by the plant itself during severai inonthSi 
beginning with 'wi.nter and ending in siiinmcjr. 

The question whether a plant like Jllmom exhibits 
diurnal variation of excitability can he experiimuituily in- 
vestigated by subjecting the plant at every hour of the 
day and night to a test-stimul.us; of uniform intensity, and 
obtaining the corresponding ■ ■mechanical I'esponses* TJndtu* 
these circumstances the ■ amplit.ude " of response at any 
time wdti serve as a " measure-' of the excitability of the 
plant at; 'the particular ti,me,'’ Any.' periodic .fluctuation of 
response ■ 'Will "'then ', d'emon-strate . the Iperiodic cha..r,acfcer of 
variation of excitability^ 

The investigation thus resolves itself into : — 

The successful construction of a Response Recorder 
, \\d,iic.h .will; automatically record the response of 
the,; periodic stimulation at ail 

■; .,,;ho.urB,',;of'.' day, '.''Or night ; 





MtlEHAL TABIATIOK-'OE" IXOIT ABILITY 


45 


the study of :the effects of various .external conditioiis 
... on excitability 

the diurnal variation of excitability' and its, relation 
to the changes of external conditions. 

I will first give a diagrammatic view of the different 
parts of the apparatus which I devised for this iiivestiga- 
tion. The leaf ot Mimosa is attached to one arm of a 
light aluminium lever, L, by means of thread. At right 
angles to the lever is the writing index W, which traces on 
a smoked glass plate allowed to fall at a definite rate 
by clockwork the responsive movement of the leaf. Under 
a definite stimulus of electric shock the leaf falls down, 
pulling the lever L, and moving the writer towards the 
left. (Fig. 14.) The amplitude of the response-curve 



FfU. 14. Diagrammatic representation of the complete apparatus for deter, 
minatioii of dinrnal variation of excitability. Petiole ot Mimosa^ attached by 
thread to one arm of lever L ; writing index W traces on smoked glass plate G, 
the responsive fall and recovery of leaf. A, primary, and S, secondary, of in. 
duction coil. Exciting shock passes through the plant by electrodes E, E. 
A, accumulator. C, clockwork for regulating duration of tetaiiizing shock. Prim- 
ary circuit of coil completed by plunging rod, T, dipping into cup of mercury M. 

See also Bose. — The Diurnal Tariation of Moto-excitability in Aimosa— Annals of 
Botany, Oct. 1913. • 
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, measures tlie,:' intensity.. /of excitation. Tlie leaf re-erects 
itself after a time, the correspoiiding record exhil>itiiig 
.recover}", A second stimiiluB ib : appli.etl after a definite 
interval^ say an . hoar,' .and the ,cor,r3Spoii(lii:ig response 
' Shows wliefclier the , excitability of the plant has remained 
vcolistarit' OF : undergone' any variation. 


0NIPOB;M' periodic stimulatiok. 

Mieetric mode of eamtation , — I find that one of t.he 
best methods of stimoiatiiig the plant is by means of 
tetanizing iiidnction shock. ^ The sensitiveness of MimosU' 
to electric stimulation is very great ; the pUi'iit often 
responds to a shock which is quite impereeptihie to a 
human subject. By the emplo 3 unent of a shding induction 
coil, . the intensity of the shock can be ' regulaied with 
great accu.racy ; the secondary if gradually brought nearer 
the primary till a stimulus is found' which is niinimaliy 
•effective. The intensity of stimulus actually miiph^yed is 
slightly higher than this, . but within the ,B«l>-maxima! 
range. When the testing' stimulus is : maintained constant 
and of sub-maximal intensity, t'hen any variation of e'x- 
citability is attended by a 'cot^respondiiig variation In the... 
amplitude of response. 

■ The exciting value of a tetanizing ■ electric shock depends 
(i) on the intensity, ' (P) . on . the "duration of shook. The 
intensity may be rendei^ed . uniform ■ by placing the second- 
ary at a fixed’ distaneeyfromf the primary, and ' keeping 
the current in the primary... circuit. .constant. The constancy 
of the current in primary:, circuit ^is„ secured by the employ- 
ment of an acciimiilator or storage.;. '.cell of definite electro- 
motive fore 3- It is far more ■.difficult to secure the constant 
duration ■ of .: the ■■: tetanizing ' .ehock. . in. successive stimulations 



mUEHAL, VARIATION OF EXOlTABIIilTY 47 

at intervals of, say, one hour during twenty-four hours. 
Ihe duration of the induction shock given by the second- 
ary coil depends on the length of time during which the 
primary circuit is completed in successive excitations. I 
have succeeded in overcoming the difficulty of securing 
uniformity of duration of shock by the employment of a 
special clockwork device. 

The dtickwnrk plunger . — The alarum clock can be so 
arranged that a wheel is suddenly released and allowed 
to complete one rapid revolution at intervals of, say, one 
hour. There is a fan-governor by which the speed of 
the levolution can be regulated and maintained constant. 
This will specially be the case when the alarum spring 
is long and fully wound. The succession of short releases 
twenty-four times during the day produce relatively little 
unwinding of the .spring. Ou account of this and the 
presence of the fan-governor, the period of a single revo- 
lution of the wheel remains constant. By means of an 
eccentric the circular movement is converted into an up 
and down movement. The plunging rod R thus dips into 
a cup of mercury M, for a definite short interval and 
is then lilted oil. llie duration of closure can be regu- 
lated by raising or lowering the cup of mercury. ”ln 
practice the duration of tetanizing shock is about 0-2 
second. •• 

The same clock performs three functions. The axis 

wMch revolves once in twelve hours has attached to it 
a wheel, and round this is wound a thread which allows 
the recording glass plate to fall through six inches in 

the course of twenty-four hours. A spoke attached to the 

minute haml releases the alarum at regular and pre-deter- 
mined intervals of time, say once in an hour. The 
plunging rod R, actuated by the eccentric, causes a 
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tetailizilig shock .. of iiiiifomi iiiteiiBitj . and diif aticm., to bi* 
given to the plant at .specified . times. . . , 


Co}isianeti of resmtanm. in the : m:oioiaeff *irenif,—lii 
or<ler that the testing electric ■ stimnhis sliall reiiiMin iiiii- 
forin, another condition has' ' lo". be fh fill hob uaiijely, the 
maintenance of constancy of resistance In siH'atrulary 

circuit including the p,lant. Electric eoiiiiections have to 
be made vdth the latter by . means' of clorJi ii:ioistemn,i with 
dilute salt solution ; drying of the '.salt soliitifui, liowever, 
gives rise , to a variation of resistance in the electrolytic 
contact. This ,di'hiculty is overcome by making the elec- 
trolytic resistance ' negligible : eompa-red’ to tlie resistance 
offered by the plant. Thin and flexible spirals of silver 
tinsel attached to the electrodes E, E^ are tied runinJ the 


petiole and the stem, respe'etively. In order t<> secure better 
electric contact, a small strip of cloth moistened with 
dilute salt and glyeeri!..ie ,, is wounc'i romni the tinsel. As 
the resistance of contact is relatively snuill, and as tirylng 
is to a great extent retarded by glycerine, the t(Uai resist- 
ance of the secondary circuit undergoes ]U’aciieally no 
! variation in ■ the cu)ur8e ' of ■ twenty-four hours. T.his vvi.li 
be seen from the followdng data. An experiment was 
recommenced one day at '1. F.M., 'when the resistance offered by 
cm. length of stem and; cm. length of petiole was femnd 
. to he 1*5 million ohms. ' After- twenty-four hours’ record, the 
b resistance was measured, the 'next 'day and was fomni uin 
• '/changed. The fact mliat- the . stimulus remains perfectly 
b uniform Avill be ■ quite ' apparent,: '-when the records given 
/in the course of this paper ■ are examined in detaiL. .■. 


THE -BB'SFO.XfSE' EECOBBI3B,' 


V/ The amplitude of response affords, as wo have seen, a 
;|:^easure of the excitability ■■■.of the plant. In actual 
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record, friction of tiie writer against the ^ g.lass., surface, .becomes 
a source of error. This difficulty !■ have been able ' to 
overcome by the two independent devices, the Resonant 
Recorder and the Oscillating Recorder., In the former .dhe 
wTiter is maintained by electric means in a state of ' con- 
tinuous to and fro vibration, about ten times in a second. 
There is thus no continuous contact between the writer 
and the smoked glass surface, friction being thereby 
practically eliminated. The writer in this case taps a 
record, the successive dots occurring at intervals of OT 
second. The responsive fall of the leaf is rapid, hence 
the successive dots in this part of the record are widely 
spaced ; but the erection of the leaf during recovery 
takes place slowly, hence the recovery part of the curve 
appears continuous oii account of the superposition of the 
successive dots. The advantage of the Resonant Recorder 
is that the curve exhibits both response and recovery. 
This apparatus is admirably suited for experiments which 
last for a few hours. Thei‘e is, however, some drawback 
to its use in experiments which are continued for days 
together, Tliis will be understood when we remember 
that for the maintenance of 10 vibrations of the writer 
in a second, 10 electric contacts have to be made; in 
other words, 36,000 intermittent electric currents have to 
be kept up per hour. This necessitates the employment of 
an electric accumulator having a very large capacity. 

In the Oscillating Recorder the recording plate itself 
moves to and fro, making intermittent contact with the 
writer about once in a minute. The recording smoked 
glass plate is allowed to fall at a definite rate by the 
unwinding of a clock wheel. By an electromagnetic 
arrangement the holder of the smoked glass plate is made 
to oscillate to and fro, causing periodic contact with the 
■writer. ' 
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The Oscillator is diagraminatioally shown in Kig. 15. 



15. The Oscillator. ' Electromagnet M, M.% XHtriodieally magnetized hy 
completion of electric current by clockwork . Periodic attraction of soft iron 
armature A moves uttaclied glass jdate Ct to left, making thereby electric 
contact with vvriter. 

M, M' are the two electromaguerlc coils, the free ends of 
the horseshoe being pointed.. Facing; them are the c<jn!cai 
holes of the soft iron armature -A, ■ This aniiutura carties 
two rods which slide through hollow tubes. The distal 
ends of the rods support . the holder H, carrying the 
smoked glass plate. Under normal ' conditions, the .plate- 
holder is held by suitable springs^, ■ some^vhat to the right 
of, and free from contact with,: -the writer. A clockwork 
C carries a rotating arm, which ^ makes periodic contact 
with a pool of mercury contained;. . in the vessel V, once 
in a minute. On the completion ■ -'of The e.l,eetromagnetic 
circuit, the armature ' A is: -attracte'd^ the recording glass 
plate being thereby moved to the left making contact with 
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tlie,writer» Tlie siiccesBive dotsYii the record thus, .take, place 
at, internals, of a minute.. Only a moderate , amount, of elec- 
tric, current is thus consumed in maintaining the osoiiiatioii 
,of the plate. A 4-voit ■ storage' ceil of 20 amperes capacity 
is quite sufficient , to Avork the apparatus for several ,ilays. 

The responsive fall of the leaf of Mmiosa is completed 
ill the course of about two seconds. The leaf remains in 
the fallen or ‘ contracted ’ position for nearly fifteen 
seconds ; it then begins to recover slowly. As the succes- 
sive dots of the Oscillating Recorder are at intervals of a 
minute, the maximum fall of leaf is accomplished be- 
tween two successive dots. The dotted response record 
here obtained exhibits the recovery from maximum fall 
under stimulation (q/. Fig. 23). The recovery of the leaf 
in one minute is less than one-tenth the total amplitude 
of the fall, and is proportionately the same in all the 
response records. Hence the successive amplitudes of res- 
ponse curves that are recorded at different hours of the 
day afford us measures of the relative variations of ex- 
citability of the plant at different times. This enables us 
to demonstrate the reality of diurnal variation of excit- 
ability. In my experimental investigations on the subject 
I have not been content to take my data from any 
particular method of obtaining response, but have employed 
both types of recorders, the Resonant and Oscillating. It 
will be shown that the results given hy the different ins- 
truments are in complete agreement with each other. 

EFFECTS OF BXTBRHAL COJSrDITIOJSTS ON EXCITABILITY. 

Before giving the daily records of periodic variation 
of excitability, I will give my experimental results on the 
infiuence of various external conditions in modifying ex- 
citability. The conditions which are likely to affect (3x- 
citabiiity and induce periodicity are, first, the effects of 
light and darkness : under natural conditions the plant is 

6 
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Bubjected in the morning to the changing contlition from 
darkness to light; then to the action of coiitiimed light 
during the day; and in the evening to the changing 
condition from light to darkness. A second periodic factor 
is the change in the condition of tnrgidity, whieli is at 
its maxiinam in the morning, as evidenced by the 
characteristic erect position of the petiole. Finally, the 
plant in the course of day and night is subjected to a 
great variation of temperature. I will now describe the 
effects of these various, factors on excitability. It should 
00 mentioned here that the experiments were carried out 
about the middle of the day, when the excitability, 
generally speaking, is found to remain constant. 


EFFECTS OF LIOBT AND DARKNESS. 


I have frequently noticed that a depression of excit- 
ability occuiTcd when the sky was darkened by passing 
clouds. This is clearly seen in the above records 
obtaiueil with the Resonant Recorder. Uniform aub-inaxiinal 



Cloud 
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sfeiiEiili tad been applied, to ' a specinien of Mimma ■. Q,t 
intervals of fifteen minutes. The dotted ' iip-lliie repre- 
sents the responsive fall, and the continuous' down-gillie, 
the slow recovery. The 'first four are the normal ' 
form responses (Pig,- 16). The next- three show the de- 
pressing effect of relative . darkness due to cloudy weather. 
The sky cleared after forty-five minutes, and we notice 
the consequent restoration of normal excitability. 

Effect of mddeu darhnese and its continuation. Ex- 
periment 14, — In the next record (Pig. 17) is shown the 



Fiu. 17. EfEect of sudden aarkness. Plant subjected to sudden darkness 
beyond horkontal line seen below. First two responses normal. Note sudden 
depression of excitability, revival and final depression under continued 
darkness. . ■ 

immediate and continued action of darkness. The first 
two are the normal uniform responses in light. By means 
of screens, the plant was next subjected to sudden dark- 
ness ; this brought about a marked depression of excit- 
ahility. Subjection to sadden darkness thus acts as a 
stimulus inducing a marked but transient fall of excit- 
ability. Under the continuous action of darkness, however, 
the excitability is ■ at first restored' and' then "unclergoes 
■ persisteni depression. 

6 A 
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of transition from darkness io tif/ht : K.fjteriment 
ir,. — Hf-re we have to •leal first with the iininfdititc elTent 
of sudfleu trutisilion, and then with the presisteiit effect of 
coniinnons light. In the record given in Fig. IS the plani 
had been kept in the dark and the respon.ses taken in 
the tisnal manner. It was then 8ul)jeote(i to light ; the 
sudden change from darkness to light acted as a stimulus, 
inducing a transient depression of excitability. In this 
connection it is interesting to note that Godlew.^ki found 
that in the phenomenon of growth, transition from dark- 
ness to light acted as a stimulus, causing a transient 



Fhs.IB. Effect of cbiinge from darkness to light. The first, tiirce records 
are normal under tlarkness. Horizontal line below indicates espytsure tt) JiLdit. 
Note preliminary depression followed by enhancement of e.x;e!tablliiy. 

decrease in the normal rate. The effect of continued light 
on 2Iimosa is an enhancement of excitability. 

EFFECT OF EXCESSIVE TUHGOR. 

I have often found that the moto-excitability is depress- 
ed under excessive turgor. Thus the over-turgid leaf of 
Biophjitum sensitivuni does not exhibit any meolianical 
response ou rainy days. 
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'Esperifnent' i<5.— The effect of excessive turgor on moto- 
excifcability may be demonstrated in the case of Mimosa 


INFLUENCE OF TEMPERATURE* 


The inoto-excitability of the pnlvinus of 3£imosa is 
greatly niodiied under the influence of temperature. For 
the purpose of this iiiTestigation I enclosed the plant in 
a glass chamber, raising the temperature to the desired 
degree by means of electric heating. Responses to identi- 
cal stimuli were then taken at different temperatures. It 
was found that the effect of heightened temperature, up 
to an optimum, was to enhance the amplitude of response. 


Fig, 19. Eifect of enhanced turgor, artilicailly induced. First two respon?es 
normal. Application of water, at arrow, induces depression of moto-excitability. 


by allowing its main pulvinus to absorb water. The result 
is seen in the above I’ecord (Fig. 19), where water was 
applied on the pulvinus after the second response. It is 
seen how a depression of moto-excitability I'esults from 
excessive turgor brought on by absorption of water. In 
such cases, however, the plant is found, to accommodate itself 
to the abnormal condition and gradually regain its normal 
excitability in the course of one or two hours. 
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Thus with a given specimen it was found that while at 
22°C. * the amplitude of response was 2‘5 mm., it became 
22 mm. at 27°C., and 52 mm. at 32°C. The excitability 
is enhanced under rising, and depressed under falling 
temperature. The moto-excitability of Mimosa is practical" 
ly abolished at the minimum temperature of about 19°C. 

Effect of lowering of temperature : Experiment 17 . — A 
simple way of exhibiting the effect of lowering of temper- 
ature is by artificial cooling of the pulvinus. This cannot 



Fig. 20. Effcscfe of moderate coolmg daring a period ghown by borkonta] 
line below. Moderate depression followed by quick realorat ion. 

Tery well be done by application of a stream of cooled 
water, because, as we have seen, absorption of water by 
the pnivinns is attended by a loss of excitability : diluted 
glycerine has, however^ no snch ■ drawbacfc. This fluid at 
ordinary temperature was, first applied on the pulvinus, 
and after an interval , of : half ' an hour records were taken 
in the usual manner. Cooled :glyeerine was then applied 
and the record taken once more ; the results are seen in 
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Figs. 20; and 21. In the former,, the first response was 
normal ' at the temperature of the room, which was 32^0. 
the next two exhibit depression -of excitability , under 
moderate cooling; the duration of application of moderate- 
ly cooled glycerine is there indicated by the horiziontal line 
below. On the cessation of application, the normal tem- 
perature was quickly restored, with the restoration of 
normal excitability. 

In the next record (Fig. 21) is shown the effect of a 
more intense cold. It will be noticed that the first effect 
was a depression,' and subsequently, a complete abolition 
of excitability. Thick dots in the record represent appli- 



Fig. 21. Effect Of application of more intense cold. Hote sudden depresriiou 
followed by abolition of excitability, also persistent after-effect, 

cations of stimulus which proved ineffective. It will also 
be noticed that even on the cessation of cooling, and the 
return of the tissue to normal temperature, the induced 
abolition of excitability persisted as an after-effect for a 
considerable time. I have likewise found that the after- 
effect of cold in abolishing the conduction of excitation 
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is also .ver)F persistent. ■ These v experiments show that 
.to physiological : Inertia, ..the'-'.Tariations of excitability in 
the plant often lag considerably behind the external chiiiig.*s 
which induce them. 

Effeetiof, high iempemiure r E^perimeiU lA.— ii iias been 
sliowii , that the moto-excitabiiity' ' is enhanced by rising 
temperature.; there is, however, an optimum temperature 
above which .the excitability uiidergoeB a depression. This 
i.s seen in. the following -record (Fig. 22), where .the 
normal response , ' at 32^C. was ■ depressed on raising ■ the 
temp6F.ata.re to 42*^-C. ; the excitahility was, .however, 
gradimliy restored when the plant was allowed to regain 
the former temperature. 



Fio. 22. EJTecfc of temperatare above, optimum. Kote depressiou of excitabilitv 
induced bj high temperature, and gradual restoration on return to normal. 

I may now brietiy recapitulate some of the importanc 
results: darkness depresses 'and light exalts the moto- 
excitability. Excessive turgor : depresses motility. Still more 
marked is the effect of temperature. Lowering of temperatare 
depresses and finally abolishes .the moto-excitabllily : rise of 
temperature enhances it up to an optimum temperature, but 
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beyond . tiiis - point the excitability imdergoes depressioii. The 
cha.nge in excitability induced hy the variation of external 
condition is not immedmie ; the mduced effect^ generally 
speaking^ lags behind the inducing came. 

DIURNAL VARIATION OF EXCITABILITY. 

I will now give automatic records of responses taken 
once every hour for twenty-four hours. They prove coo- 
clusively the diurnal variation of excitability in Mimosa. 
After studying in detail the variations characteristic of 
particular times of the day, I will endeavour to correlate 
them with the effects brought on by the periodic changes 
of the environment. 

i^v— As a typical example I will first give 
a record obtained in the month of February, that is, say, 
in spring. From this it will not be difficult to follow 
the variations which take place earlier in winter or later 
in summer. 

The record given in Fig, 23 was commenced at 5 F.M. 
and continiiecl to the same hour next day. The first thing 
noticeable is the periodic displacement of the base-line. 
This is due to the nyctitropie movements of the leaf. It 
should be remembered that the np-movemeiit of the leaf 
is represented by down-curve, and vice versa. After the 
maximum fall of the leaf, which in this case was attained 
at 9 P.M., there followed a reverse movement : the highest 
( 3 rection, indicative of maximum turgor, was reached at 
6 A.M. The leaf then fell slowly and reached a middle 
pasition at noon. The extent of the nyctitropie movement 
varies in individual cases ; in some it is slight, in others 
very large. The erectile movement began, as stated before, 
at about 9 p.M, ; in some cases, however, it may occur as 
early as 6 F.M. ■ 
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Ie following the characteristic variations of response. 



occurring throughout the day, we find that while" they 
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are practically iiniform between .ttie; bonrs of '5' and 
6 P.M,, a coiitliinoiis decline is manifested after setting in 
of darkness (7 P«M,) ; the fall of ' excitability continues 
even after sunrise (6-30' A.M.), response being practically 
abolished at 8 A.M. ' The excitability is' then 'gradnally 
restored in a staircase manner, the maximnin being 
reached after 12 noon. After attaining this, the excitability 
remains more or less constant till the evening. It will be 
noticed that the amplitude of response at 5 P.M. on the 
second day was the same as the corresponding response 

on the previous day. 

The results of this and numerous other records taken 
in spring may be summarized as : — 

1. The maximum excitability of iffmosa is attained 

between 1 and 3 P.M., and remains constant 

for several hours. In connection with the con- 
stancy of response at this period, it should be 
remembered that when the response is at its 
maximum a slight increase of excitability can- 
not further enhance the amplitude of response. 

2. The excitability, generally speaking, undergoes a 

continuous decline from evening to morning, 
the response being practically abolished at or 
about '8 A.M. 

3. From 8 a.m. to 12 noon, the excitability Is gracliial- 

ly enhanced in a staircase manner, till the 
maximum excitability is reached after 1 P.M. 

I have obtained numerous records in support of these 
conclusions, some of which -are reproduced in'the follow- 
ing figures.' In these cases 'responses to uniform : stimuli 
at intervals of half an hour were taken at different 'parts 
of the day, ; the recorder employed being of^ the ' Resonant ^ 
.type.:': 
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Ilid-^day rmjrd : Experinmii , BO . — The rfH*-nr,| of «laily 
perioilicity previoosly. given ' sbcms ilnit !ho excitability 
reaches its xiiaxiinoin after 12 - noon, ainl that it remains 
constant at the maximnin VElne for several huiirs. This 
fact is fnily borne oiifc: In ' the- following recant obtained 
with a different Hpeeiinen (B'ig. 24). The responses wer<- 
taken here from, noon to B f;m., once every half-hour. 



Fan S-l, Mid-day record £rom aooiv to 3 r.M. exhildt.ing nnift«nri oxcitaldlity. 
Responses taken once every half-hour. 

Evening record: Eximriment BL — The record given in 
Fig. 23 shows that the amplitude of response falls contin- 
uously after 6 P.M. It ' ; might ' he thought that the 

diminished amplitude in the first part may be <hie to the 
natural nyctitropic fall of the leaf. The range of the 
pulvinar movement being'-;-- .limited, it is clear that the 
extent of the responsive fall must become smaller on 

account of the natural fall of the leaf during the first 

part of the night. That this Is not the whole explanation 
of the decline of response^ in the. evening will be clear 
from certain facts which .- T wiil"^' presently adduce. It was 
stated that the leaf of MimOha exhibits nyctitropic faU 
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from 6 TO to P.M 


from 6 to 9 ■ p.m.,' after whieh there is a : reverse; move- 
ment of erection. In certain specimens, however, the 
erectile movement commenced as early as 6 P.M. It is 
obvious that in these latter cases diminuiion of amplitude 
of response cannot be due to the radiiction of the range 
of movement of the leaf. In Fig. 25 is given a series of 


Fig. 25. Evening record from 6 to 10 p.m., showing gradual depression of 
excitability. ■ 


Record in the morning ; Experiment 55.— The excita 
bility is, as we have seen, nearly abolished about <S A.M. 
after which there is a gradual restoration. This gradua 
enhancemaut of excitability to a maximum in the coarsi 
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of the forenoon is seen well illnstrafced in the above 
record (Fijr. 2(5). ^ 



Fio. 20 . Morning record from 8 A..M. to 12 noon, exhibiting giaiJual enliaiioomciit 

of ■excitability., ■ ■ 


The record of daily periodicity given in Fig. 23 may 
be regarded as a typical example. Modifications may, 
however, be observed which are traceable to individual 
peculiarities. As an example of this, I give a record 
(Fig. 27) obtained with a specimen in which nyctitropic 
movement was very pronounced. The periodic variation 
of excitability exhibited here is practically the same as 
shown by other specimens. The interesting variation is in 
the character of the recovery from stimnlns ; the leaf 
was falling from 6 to 9 p.m. ; owing to the shifting of 
the base-lire upwards the recovery appears to be incom- 
plete. After 9 p.m. the leaf was erected, at first slowly, 
then at a very rapid rate. The consequent fall of the 
base-line late at night is very abrupt ; hence there is an 
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appareat o¥er-shooting in the - Hue of recovery. ' ■ 



EFFECT OF TEMFEBATURB ON TABIATION OF EXCITABILITY. 


So far I have merely described the observed diurnal 
variation of excitability. We may next inquire whether 
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tliero is any causal relation between the eliango of ex- 
ternal conditioiiB ainl the observed variation of excitability. 
It has been shown that the mofco-excitabillty is greatly 
inflaeiiced by temperature* In order to find in what man- 
ner the diiiriia! variation of excitability was iiiliiieiiced by 
the dally variation of temperature, I look *^pecial care to 
secure by means of the thermograph a coiitiiiuoiis record 
of , temperalure variations. The table which iolkms shows 
the relation between the hours of the day, temperature, 
and amplitude of response, in a typical case of diurnal 
variation of excitability. 


TABLE 11. — SHOWING THE EBLATIOX BETWEEN HOVR OF THE PAV, TKM- 
PERATrEE AND EXOITABILITT. (SPRING SI'EVIMEN.) 


Hours 

of. 

day. 

Temperature 

AmpUttide 

Mespome. ■ 

Hours 
of 
■ ■ day. 

Tempe.ruturv 

Amplitude 

¥ 

Hespimse. 

5''Piin. 

gS''"'' (X 

28 mm. 

5 a,m. 

20-' 

C. 

5 rain. 

G „ 


28 

r> „ 


51 

4-2 „ 

7 „ 

2i'f)“ „ 

2* ,, 

^ „ 

2F 

».» , ' 

8-S „ 

8 „ . 

„,C.' 

■ 28‘6'',, 

' , .. ■■ 

8 „ 

22^ 

15 

2‘5 „ 

9 ,, 

: : 22"' 

21-0 „ 

2 ,5 

24^ 

55 

» 55 

10 „ 

' ar- „ ■ 

18 , ■■ 

10 „ 

26 

15'',' 

5, 

11 ,, 

»5^ „ 

15 „ , 

11 

26*6^ 

.55 

15*5 „ j 

12 „ 

■ ' '20": » 


12 n 

28^ 

« , ' 

22*5 „ 


20^ „ 

10 „ s 

1 p.m. 

28^ 

W 

26 „ 

o 

- 55 

20" „ 

8 ■» ' : 

2 „ 

28‘§*^ 

» 

28 ^ 

55 

20" „ 

7-5 „ 

8 „ 

28*6=* 

55 

28 » 

4 „ 

19 - 5 " „ 

6 „ , . 

• 'n ' 

29''® 

S? 

28 „ j 


B'rom the data given in the table, two curves have been 
obtained. One of these shows the relation between the 
hourB of the day and temperature ; the other exhibits the 
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rt'latiun between the hours of the day and the excitability 
as gauged by the amplitude of response (Fig. 28). It will 



HOURS OF DAY 


Fig. 2». The continuous curve shows the relation between the hour of the day 
and temperature. The dotted curve exhibits relation between, the hour of the day 
and excitability. 


be seen that there is, broadly speaking, a marked resemb- 
lance between the two curves, which demonstrate the 
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predorriiiiant. iiifiiieiice of feB:ip6ratUTe on driiriial VtiriatioE 
of exciUibili^ty. 


.EFFECT. OF I^HYBIO LOGICAL INERTIA. 

It has been shown (page. 59) that owing to pliysiological 
inertia, . the change of excitaMlitj, generally speaking, lags 
behind the inducing cause. .This fact finds striking illustra- 
tion, in the lag exhibited by- the curTo of excitability in 
reference to the temperature curve. The imnimiini tem- 
perature wuis attained at about 4 a.m„ but the excitability 
was not leduced to a mlnim.iim till four hours later and 
again there is a marked fall of temperature after 5 p.m., 
but the excitability did not become depresstMl til! two liours 
later. 

Thero is again the factor of variation of light, the etiVct 
of which is not m great as that of temperaiure. The 
periotis of maximum of light .ami temperature are, however, 
not coincident. 

Wa may now discuss in .'greater detail the duirnal varia- 
tion oS excitability in Mimcma.^ taking the typical case, the 
record of which is given in^'.Fig. 23. The temperature here 
is seen to remain almost constant, and at an optiinuni, from 
1 to 5 P.M., the condition of light is also favoura!)!e. Hence 
the excitability is found to be , constant, and at its maxi- 
mtnn between thc-se hours. The temperature begins to fall 
aft^r 6 P.M., and there is, in addition, the depressing 
action of gathering darkness. Owing to the time-lag, 
the fail of excitability does,..; iiot commence iininecliately 
at 6 |nm., but an hour afterwards, and continues 
till the \next morning. During this parlod we havti the 
cumulative effect of twelve hours’ tlarkness and the 
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iiicreasiiig deprassioE due to cold, the temperature mimmum 
.occiiiTiiig at 4 a.m. Oil account .of the combined ■ effects 
of these various factors, and phenomenon of lag, the period 
of minimum excitability is in general reached about 8 a.m. 
Ill certain other cases this may occur earlier. After the 
aftaiBnieiit of this minimum, the excitability is gradually 
am! continuously increased, under the action of light and 
of rising temperature, till the maximum is reached in the 
afternoon. 


EFFECT OF SEASON. 

It was said that temperatiu'e exerted a predominant 
intiiience in inducing variation of excitability. We may, 
therefore, expect that the diurnal period would be modified 
in a certain way according to the season. In winter the 
night temperature fails very low ; hence the depression of 
excitability is correspondingly great, and results in the 
complete abolition of excitability. The after-effect of intense 
cold is seen in the condition of inexcitability persisting 
for a very long period in the morning. In summer the 
prevailing high temperature modifies the diurnal periodicity 
in a different manner. When the night is warm, the fall 
of excitability is slight. In the day, on the other hand, 
the temperature may rise above the optimum, bringing 
about a depression. In such a case the excitability in the 
earlier part of the evening may actually be greater than 
in the middle of the day. These modifications are shown 
in a very interesting way in the following record (Fig. 29) 
taken at the end of April. The temperature of Calcutta 
at this season often rises above 100 ^F. or 38 -C. Table III 
also exhibits, in the case of the summer specimen, the 
relation between the hours of the" day, temperature, and 
excitability. . 

7 A 



70 


LIFE MOVEMENTS IN PLANTS 


All inspection of the record given in Fig. 29 shows that: 
the amplitude of response was enhanced after 4 p.m. The 
temperature lip to that time was unusaally high (38 C.), 



Fh 4. 20, Diurnal variation tif excitability exhibitefi by suminer specimen. 


and there was in cons6C|ii6nce' .a- depraSBioii of excitahility. 
After that hour there was a mitigation of neat, the 

temperature returning towards ■. the optimum. Hence we 
find that the niaximuni e-xcitability , was , attained between 
the hours 4 and G P.M. - The-'/ minimum temperature at 
night was higher in the present case than that of the 

experiment carried out in February ; in the former the 

inininiuin was 25‘5®C,, while in the latter it was 
On account of this dilference the night record in summer 
shows a fall of excitability which is far more grarlual than 
that obtained in spring. The excitability is here not 

totally abolished in the mornings but reaches a minimum 
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after S a.il ; tlic^seiisitiveness: ib then gm! iially , erihance^ 
in a Htaircase niaiiiier. 


^TABIM fll— SllCeXI'Sn .THE EKLATION" BETWEEN ' HOURS OF THE. DAY, TEM- 
TEIiATUEE. AND EXCITAB.I'LITV, (sUMMEB .SP.EC1MEN.) . . .. . . : 


ffonri'' 

' . 

I'eniptnitHre. 

AmpUtfjih ; 

„ of ; 

/fours 

of 

Temperature. 

A mpUtude 

2/'. . 
Itesponse. 

■ ■ 

* 


day. 

t p.m. 

38= C. 

22 mm. 

1 a.m. 

■■ 26=. C. 

21/5 mm. 

' '2 ' 

.38=' ,, 

23 „ 

2 

26= 

20 „ 


38= , 

24-5 „ 

3 ,, 

25*5= „ 

18*5 . . 1 


37= 

28 

M 

.25 5= 

17 


3i,>*0 

29 ' 

5 

25*5= „ 

18 » 

' C» ,J, 

33=/,.. 

27 ,, . . 


' 26= ' .. 

15 ■ :■ ,, 

■ ■ '' 

" 31= ,, 


■ ” ■» ■ 

27= .„ 

14 „ 


30= 

■26' „ : 


29= „ 

■ ^3', „ ■ 

ft ' 

'29= „ 

25 ■ ,, 

' ■ 3 „ ■ 

305= „ 

n : 

. . 10 

27= ' ,, 

24*5 „ 

10 ,, 

33= „ 

16 „ 

n .„ 

- i ?? 

. 24'/, ■■/ 

11 „ 

35“' 5j 

17 „ 


20*5= 5, 

22*0 jj' 

.12 „ 

37= ■ „ 

21 „ 


SUMMAHY. 

The moto-excitability of Miinosa was gauged every hour 
of the day and night, by the amplitude of the response 
to a testing stimulus. This is effected by means of auto- 
matic devices which excite the plant periodically by an 
absolutely constant stimulus, and record the corresponding 
mechanical response. 

From the record thus obtained, it was found that the 
excitability of the plant is not the same throughout the 
day, but undergoes a variation characteristically different 
at different times of the day. In a' typical case in spring 
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tlie excitafeilitj^ attained its maximum value after 1 P,M.. aiitl 
remaiiifal , eoiistaiit for : several hours.- There was then a 
coEtiiiiioiis fall of excitability, the miolimim being reached 
at about eight in the morning. The plant at this lime 
was practicalij' insensitive. The moto-excitabiiity was then 
gradiialiy enhaiieed in a staircase manner till it again 
reached a maximum next afternoon. 

The effect , of sudden darkness was found to induce a 
transient depression, followed by revival of excitability. 
The effect of persistent darkness was to induce • a 
depression. 

Exposure to light from darkness caused a transient 
depression, followed an enhancement of excitability. 

Excessive turgor induced a diminished response. 

Lowering of temperature induced a depression of excit- 
ability, culminating in an abolition of response. The after- 
■ effect of excessive cold was- a prolonged depression o-f 
excitabilitj^ 

Excitability was enlianced by rising temperature up to 
an optimiiin ; above this point a depression , was induced. 

Owing to physiological inertia- the change, of excit- 
ability induced by' variation of external conclition lags 
behind the inducing cause. 

The diurnal variation of excitability . Is primarily due 
to ' diurnal . variation of temperature. .The elfect Is modifieil 
.in .a minor degree by ' variation -of light. 



V.-HESi'OXsK OF PKTIOLE-PDLVINUS PREPARATION 

OF MIMOSA PUDICA 

By 

Sib J. c. Bosk, 

Assuted by 

SU'REKDRA' CHAKBRA DAS, M,A. ^ 

The most suitable plant for researches on irritability of 
plants is Mimma pudica^ 'which can be obtained in all 
parts of the world. An impression iinfortunataiy prevails 
that the excitatory reaction of the plant can be obtained 
only in suininer and niider favonrabie circumstances; this 
has militated apfaiiist its extensive use in physiological 
experiments, but the misgiving is without any foundation;^ 
for I found no diiliculty in demonstrating even the most 
delicate exporiimmts on Mimosa before the meeting of the 
American Association for the Advancement of Science held 
during Christmas of 1914, The prevailing outside temper- 
ature at the time was considerably below the freezing 
point. With foresight and care it should not be at ail 
difficult to maintain in a hot-house a large number of 
these plants in a sensitive condition all the year 
round. 

Ill order to remove the drawback connected with the 
supply of sufficient material, I commenced an investigation 
to find whether a detached leaf preparation could be made 
as eifective for the study of irritability as the %vhole plant. 
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Here we have at the central end ot*, the leaf the fiiilviiuis, 
which acts as the coniiaKdile' orgaii a ' the eoiidiKnirif^^ siranil 
in tiie .interior of. the petiole, on , the other hand, is the 
vehicle for traiisniissiou ■ of excitation. The pnd ileiii to 
be solved is the rendering ■, of . an ; ij^tjiated petinle-aiid- 
piilvinns of Mimosa as efficient for researches on irritaldiiiiy 
as the nerve-antl-iiinscle preparation . of a frog. On the 
success of this attempt depended . the practical opening out 
, of' an extended field of physiological investigation which,, 
.would be iiii hampered by arty scarcity of experimental 
materia b 

, In coiiiieetioii with this it is well to note tin* snrpris-... 
,i.ng' difference in ve,getative growth as exhibited Ijv plants 
grown ill soil and in pots. A pot-speciinen of Jlioa/sa 
produces relatively few leaves, but one grown in the' open 
groiincb is extremely luxuriant. As un instance in point, T 
may state tlnit for the last live months I liave , taken 
from a plant grown in a field about ,20 ieavos a day for 
experiment, without making any impression on it. A large 
box containing soil would be practically as goinl as the 
open ground, and the Blower rate of growth, in a colder 
climate could be easily nia.de up by planting lialf a <io 7 .eii 
specimens. The protection of the. plants from IncleinencieB 
of weather can ha ensured by. ; .means of a glass cover 
with simple heat-regulation by ■ electric lamps, in place of 
an expensive green-house. 

Keiurning to the question of the employment of an 
isolated leaf, which I shall designate as a petiole-pulviniis 
preparation, instead of the entire plant, the first attempts 
which I made proved unsuccessfuL The cut leaf. ..kept in 
water would sometimes exhibit very feeble response, at 
other times all signs of excitability appeared to l.)e totally 
abolished. It was impossible to attempt an investigation on 
the effect of changing environment on excitability wbeii the 
normal sensitiveness itself underwent so capricioiiB a change 
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'■ Tliese dilficiiltles' were ultimately overcome from know- 
ledge*,.. ile,ri¥ed , thro ugh -aystematic investigation on the 
relative importance . of the- different parts of- the motor, 
apparatiis, ' on ■ the immediate and after-effect of section on 
the ..excitability of the leaf, and on the rate of decay of 
this excitability on isolation from the plant. The experience 
thus gained enabled me to secure iong-contiiuied and 
miiforin sensibility under normal conditions. It was thus 
possible to study the physiological effects of changing 
external cunditions by observing the responsive variation 
in the isolated petiole-pul vinus preparation. I propose to 
deal with the different aspects of the investigation in the 
following order: — ' ■ , ■ 

j. The effect of wound or section in modification of 
normal excitability. 

2 . The change of excitability^ after immersion in water. 

5. Quantitative determination of the rate of decay of 
excitability in an isolated preparation. 

4. Effect of amputation of the upper half of pulvinus, 

5. Effect of removal of the lower half. 

t). Inffuence of the weight of leaf on rapidity of 
responsive fall. 

7. Tlie action of chemical agents. 

8. Effect of “fatigue’’ on response. 

9. The . inffuence of constant electric current on 

recovery, 

10. The action of light and darkness on excitability. 

The isolated petiole-pulviuus preparation is made 
cutting out a portion of the stem bearing a single lateral 
leaf. The four diverging sub-petioJes may also be cut off. 
In order to prevent rapid drying the specimen has to be 
kept in water. Preparations made in this way often 
appeared to have lost their sensibility. I was, however, 
able to trace this loss to two different factors: first, to 
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the physiological depresgiou due io. Injury eausea by section, 
and, second, to the sudden increase of turgor brought on, 
hy , 'excBSsi¥e absorption of water, I shall now proceed to 
show" that the loss of sensibility is -not periiiaiient, but is 
.capable of restoration., 

EFFECT OB" WOUND OB SECTION IN, MODIBUCATION OF 
NOEMAb EXCITABILITY. 

In connection with the question, of effect of inju,ry, it 
is to .be borne in mind that -after each excitation the 
■plant becomes temporarily irresponsive ■ and that the excit-, 
ability is fully . restored after the completion of protoplas- 
mic recovery, A cut or a section acts as a very intense 
stimulus, , from the effect- of which the recovery is very 
slowu If the stem l.te - cut' very near the leaf, the excita- 
tion of the ])u!vinus is very' intense, and the .consequent 
loss ' of excitability becomes more - or .less persistent. But 
if the stem l>e (uit at a greater distance, the transmitted 
excitation is leas intense, and. the c.ut specimen,. ^ reco-vers 
its excitability within a inodera-te time. ' I have .also suc- 
ceeded in reducing the excitatory depression by previously'' 
benumbing the tissue by physiological means. Tim isolated 
specimen can be made sti.ll more compact by cutting oft* 
the sub-petioles bearing the ■ leaflets ; the preparation now 
consists of a short , length'; of ' stem of about 2 cm. g-nd 
an equally short length ' of primary petiole, the motile 
piilvinus being at the Junction of the two. 

For the restoration of , Sensitiveness, and to meet, work- 
ing conditions, the lower end: of the cut stem Is mounted 
on a T-tiibe, with fimnel-attachment ami exit-tube, as 
shown in Fig. liO. The other,..'- .two cut ends— of the stem 
and of the petiole— may be covered with moist cloth or 
may be closed with collodion flexile to prevent rapid 
evaporation and drying up of the specimen. A slight 
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lydrostatic pressure '''maintains dthe , specimen, iu a moder- 
tely turitid condition, A ■' preparation ' thus .made is 



l]0„.Tlie Resonant Recorder, \vifch petiole-palvinas preparation. (From a 
photograph.) 

insensiti-v-e at the beginning, but if left undisturbed it 
slowly recovers its excitability. The history of the depres- 
sion of excitability after shock of preparation and its 
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gmcliial reBt oration Is graphically . ill iistratec! by a.Hin’ies of 
records made by the plant (Figod;il), 

■ The petioie-piilviiiiis preparatio.o ; thus made' refers all 
facilities for experiment.,, O^ving- to, its small size It can 
be, easily manipulated; it .can dae enclosed, in a small 
cliaiiiher arnt subjected to varying' conditions of tem|:H*ratiire 
and to the action of dliferent vapours and gases. Dimgs 
are easily absorbetl at .the cut end, and poison and its 
antidote can be siiccessi'veiy applied through the' foiiiiel, 
witlio'iit any disturbance of- .the. coiiti.nnity of record. .In 
fact, many experiments which would l)e impossible with the 
entire p.lant are quite practicable with the iso.lated leaf. 

The arrangement for taking records of response is seen 
ill' B’ig. 30, which Is reprodueed : from a photograph of the 
actual apparatus. For recording, the response and recovery 
of the i€=saf o,nder stimulation, T use , my Resonant Recorder 
fully described in the M;^hilosop.hicai Transactions’ (1913). 
The petiole is attaclied to one arm 'of .the liorizontal lever. 
The writer, ma<le of fine steel .wire witli a bent tij), is 
at right angles to the lever, and is maintained by electro- 
magnetic means in a state of ■to-aiid.-fro, .vibration, say, ten 
timers in a second. The record,' consisting of .a series of 
dots, Is free from errors arising from friction of coidaiuioiis 
contact of the writer with d'he. recording surface. The suc- 
cessive dots in the recorti at detiaite intervals of a tenth of 
a second also give the time-relations of the response curve. 

On account of its small ■■sliae, the petiole-piilviniis prepara- 
tion offers great facilities' for mounting in. different ways 
suitable for special investigations. Ordinarily, the cut stem 
with its lower end enclosed in moist cloth is supported 
below. A very suitable form of stimulus is that of induc- 
tion shock from a secondary coll, the intensity of which is 
capable of variation in the usual manner by adjusting the 
distance between the primary and the secondary cadis. The 
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motile . F, may be .excited directly.,. For investiga- 

tloiis 0,11 velocity of transmission of FxcitatioD., ■ stimiilus is 
appiitHLoii the petiole at some .distance from the puivimis, 
by, .means of suitable electrodes.- -Excitation is , now, trans- . 
inittec! along the intervening.' length of petiole, the conduct- 
ing power . of which will be found .appropriately modified 
iHider the action of chemical and other agents. In this 
normal method of mounting, the more excitable low’er half 
of the puhiniis is below ; excitatory reaction produces the 
fall of the petiole, gravity helping the movement. The pre- 
paration may, however, be mounted in the inverted position, 
with the more excitable lower half of the pulvinus facing 
iipwuirds. The excitatory movement will now be the erection * 
of the petiole, against gravity. 

Iliider natural conditions the stem is fixed, and it is the 
petiole wiiicli moves under excitation. But a very interest- 
ing case presents itself when the petiole is fixed and the 
stem free. Here is presented the unusual spectacle of the 
plant or the stem ‘‘wagging” in response to excitation. 

THE CHANGE BIXCITABILITY AFTER IMMERSION IN 

WATER. 

The isolated specimen can be kept alive for several days 
immersed in water. The excitability of the pulvinus, how^- 
ever, undergoes great depression, or even abolition, by the 
sudden change of turgor brought on by excessive absorption 
of water. The plant gradually accommodates itself to the 
changid condition, and the excitability is I’estoreJ in a stair- 
case manner from iiero to a maximum. 

In studying the action of a chemical solution on excit- 
ability, the solution may be applied through the cut end or 
directly on the pulvinus. The sudden variation of turgor, 
due to the liquid, always induces a depression, irrespective 
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:of i:li8 stlBiiiiatiiig or the depressiing action of iln'* liriig. 
•The clifficniity niaj be. eiiniinated, -by previmis lorig-ooiifirmeci 
application of water on the pnlviiius and waiting till the 
attainment of rmifunn e.xcitabil.ity which generally tjihes 
place in the cmirse of uhoiit three .hours. SabHe»|ueiit appli- 
cation of a chemical solution gives rise to characierlstic 
variation in the response. 


QUANTITATIVE DETBBMINATIOX OF THE BATE OF DECAY 
OP EXCITABILITY. IN AN ISOLATED PR,EFABATI0,N. 

Variation of exeiiabUiti^ after section : E,cperiment 23.— 
Ill orde.r to test, the history, of the change of excitability 
resulting from the immediate and after-effect of section, I 
took an intact plant and fixed the upper half of the stem in 
a clamp. The resptmse of : a given leaf was now taken to 
the vStimulas td’ an induction shock of 0*1 unit inrensiry, tlie 
unit chosen being that which causes a bare perception of 
shock ill a liuman being. The specimen was vigormis and 
the response (ddained was found to be a maximum. ffTie 
stem bearing the leaf was . cut .at the niomenl marked in 
tile record with a cross, ami water was applitMl m tliu cut 
..end. The effect of section ' was to cause the inaxlmuni fail 
of the leaf, with subsequent recovery. After this, succes- 
sive responses to uniform stimuli at intervals of 15 minutes 
show, i,n (1) of Fig. 31, that a depression of excitability has 
been iniluced ■ owing to the ■ shock caused . by section. In 
course of an hour, however,' the excitability had been restor- 
ed almost to its' original' ''value' before the section. This 
was the case ' 'with . a , vigorous , 'specimen, but with less 
vigorous ones , a .longer period ' 'of about three hours is 
required for restoration. In certain other cases the response 
after section exhibits alternate fatigue; that is to say, one 
response is large and the next feeble, and this alternation 
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goes, on for a length of time. The isolateci specimen, gene- 
rally speaking, attains a nniform sensibility after a ■ few 



Fig. 31— , Variation of excitability after pecticn. (1) Immediate effect j (2) 
variation of excitability in a second specimen during 50 hours: {a) response 
4 hours after section; (6) response after 24 hours; (c) after *19 hours. XJp-liue 
of record represents responsive fall of i-he leaf, downline iiidic'ites recovery from 
excitation. 

hours, which is maintained, with very slight decline under 
constant external conditions, for about 2i hours. On the 
third day the fall of excitability is very rapid, and the 
sensibility declines to zero in about 50 hours after isolation 
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.[Fig, ,31 (2)]. We may dej^e-ribe the wliole crycle of eliange 
as follows : liv the Bhock. of. operation the- iso,.lated prepara- 
tion is rc'iitlered iiiBeiiBitive for nearly an hour, the exeltubi- 
lity is then grahnally restored .alnioBt to its iioriiial value 
before opeiMtion. Under eoiistaBt external conditions, this 
excitability reiuainB, faiidy ' eonstaiil for alxnifc 2-i hours 
after mdiich tlepresBion sets in. The rate of fall of excitabi- 
lity' becomes very rapitl 40 h.on.rs after the operation, being 
fioally abolished after the- hf tie th ■ .hour. It is prolmbie 
ill a cohiet climate the f.all, -.of e:xeitability would be 
much' slower. The most iriipo.rtan.t outco.me of this inquiry 
is the cleiiionstraiion of the .possibility , of obtaining per- 
sistent and uniform sensibility’ in isolated preparations. 
On account of this, not only is the difficulty of supply 
of material entirely removed but a very high tiegree of 
accuracy secured for the investigation itself. 

MPFKCT OP AMPUTATION OF UPPER HALF OF PULVINIJB. 

The (ietermination of the nUa jilayed 
by different parts of the pulvinus in response and recovery 
Is of much theoretical importance. Our knowledge on this 
subject is unfortunately very scanty. The generally accept- 
chI view is that on excitation the actual downward curva- 
ture of the pulvinus is partly due to a contraction of the 
walls of the motor cells consequent upon the decrease of 
turgor, but is accentuated by expansion of the ■insensitive 
adaxial half of the pulvinus — which was strongly compressed 
in the iiiistimiiiated condition of the organ — and also by the 
weight of the leaf.”" According to Pfeffer, after excitation 
of the organ, the original condition of turgor is gradually 
reproduced in the lower half of the pulvinus, which ex- 
pands, raising the leaf and producing compression of the 

* IL^i)erlaiidt, ‘Physiological Plant; Anatomy,’ UU4, p. 570. English Transla- 
tion, Macmillan & Co. 
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tipper lialf of the puiyinus, ' wjiicb. aids in the rapid curva- 
ture of the stiiiinlated ptilyiBUS.’’* 

It was lieldj then^ .that the. rapidity of the fail of leaf 
under stimulus is materially aided (1) by the expansion of 
the upper half of the puMnus, which is normally in a state 
of compression, and (2) by the weight of the leal So 
iiioch for theory. The experimental evidence available 
regarding the relative importance of the upper and lower 
halves of the pulvinus is not very conclusive. Lindsay 
attempted to decide the question by his amputation experi- 
ments. He showed that when the upper half was removed 
the leaf carried out the response, but rigor set in when 
the lower half was amputated, Pfeffer’s experiments on 
the subject, however, contradicted the above results. He 
found that after the upper half of the pulvinus was 
carefully removed, no movement was produced by stimu- 
lation, whereas when the lower half is absent a weakened 
power of movement is retained.” Pfeffer, however, adds, 
since the operation undoubtedly affects the irritability, it 
is impossible to determine from such experimenrs the 
exact part played by the active contraction of the lower 
half of the pulvinus.”* 

The cause of uncartainty in this investigation is twofold. 
First, it arises from the unknown change in irritability 
consequent on amputation ; and! secondly, from absence of 
any quantitative standard by which the effect of selective 
amputation of the pulvinus may be measured. As regards 
the first, I have been abie to reduce the depressing action 
caused by injury to a minimum by benumbing the tissue 
before operation, through local apphcatioia of cold, and also 
allowing the shock- effect to disappear after a rest of several 
hours. As regards the physiological gauge of efficiency of 
the motor mechanism, such a measure is afforded by the 

* PFEFffER— ^Physiology of Plants/ vob 3, pp. 75 and 76. English Transla- 
tion, Clarendon Press. 
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relation bei.weeii. a definite- tesfcing'\stiiiiiiliis and the resiilt* 
ing response with its time-relations, which is secured by 
my Resonant Recorder ' with, the standardised electrical 
stlxiiiilatore. 

In -carrying otifc this investigation. I,. first took the reconi 
:of iio,rmal respon..se of an intact leaf nii fast inoving 
:plate« A second record, with the sa.ine stimulns, was taken 
^ after the removal o.f the upper half -of the pulviims, having 
taken the necessary precautions that have been c!-e..scribe(I. 
Oomparlson of - the two records- (.Fig. 32) shows that the only 



5X2. Effwit of amputation of upper half of pulvinns. Upper record giveji 
normal respouKc before aiuputalion, and the lower, response after amputation 
^ {Successive dots at intervals of 0*1 see.). Apex-time 1*1 in both. 

difference between them is in-- the ex.hibition of slight dimi- 
/hiitloa of excitability clue to operation. But, as regards 
the latent period and the .qniekhess -of attaining niaximom,' 
fall, there is no difference between che two records before 
and after the a-mputatlon ;of the 'upper half. The upper 
part of the pulvinus- is thus seen-' practically . to have iittie 
influence in hastening the ■ fall; ' 

IFFBCT OF RBMOVJlh OF -THB hOWBE 'HAUF. 

E,r'peri?mnt 26 , — The shock-effect caused by the amputation 
of the lower half was found to -be very great, and it requir- 
ed a long period of rest before the upper half regained 
its excitability. The excitatory reaction of the upper half 
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is by contraction, and ' the response is^ therefore, the lift- 
ing of the petiole. Thni, in an intact specimen, excitation 
causes antagonistic reactions of the two halves. But the 
sensibility of the upper half is very feeble and the rate 
of its contractile movement, relatively speaking, very slow. 
The record of the response of the upper half of the pnlvinns, 
seen in Fig. 33, was taken with an Oscillating Recorder, 
where the snocessive dots are at intervals of 1 sec. : the 



Fig. 33. — Response after amputation of lower half of pulvinus. (Successive 
dots at intervals of a second; vertical lines mark minutes.) Apex-time, 40 secs. 


imagnification employed was about five times greater than 
in recording the response of the lower half (Fig. 32). The 
intensity of stimulus to evoke response had also to be 
wnsiderabiy increased. Taking into account the factors of 
magnification and the intensity of stimulus for effective res- 
ponse^ the lower half I find to be about 80 limes more 
sensitive than the upper. Thus, under feeble stimulus the 
upper half exerts practically no antagonistic reaction. The 

8 A 


86 


LIFE MOyiMEHTS IH.' PLANTS 


excitatory .response of the .upper half is also seen to he, 
Tery sliiggish* 


..IN,FIiUBSCK OF THE WEIGHT OF LEAF ON BAPIHiTY OF 

RESPONSIVE FALL. ' 

Maiperimmi is obvious that the mechanical 

Hioiiient exerted b'v the weight of the leaf must help its 
responsive fall under excitation. But the .relative import- 
aiioe of the factors of active contraction of the lower half 
of the piiivinus and of .the weight, in. . thc^ rate of the 
responsive dowmmovement, still "remains to be determined. 
A satisfactory way of solving ■. the problem woiikl lie in 
the study of the characteristics of response-records taken 
under three dilferent conditions: (1) When the leaf is helped 
in its fall by its weight; (2) when the action of the 
weight is eliminated ; and (3) when the fall has to be 
(executed against an e<juivalent weight. An approximation 
to these conditions whs made.; in' the following manner. 
We may regard tlm inaehanieal; ; moment to be principally 
due to the weight of the .. fo..ur sub-petioles applied at the 
end of the .main petiole. In a. given case iliese sub-petioles 
were cut otf, and their weight- found to be 0*5 grin. The 
main petiole was now attached to the right arm of the 
lever, and three successive, .re-cords were taken; (1) With 
no weight attached to the - petiole;.'; ' (2) with 0*5 . grm. 
attached to its end; and (3) with : 0*5- grm. attached to the 
left arm of the lever at .an ■ equal; '.distance from the ful- 
crum. In the first case, : the- , fa.ih due to the excitatory 
contraction will practically ,ha.ve. 'little: .%veig,ht to. help it; in 
the second case, it will be., helped, by a weight equivalent 
to those of the sub-petioles' with-their attached leaflets ; and 
in the third case, the fall will be opposed by an equivalent 
weight. We find that in these three cases there is very 
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little difference in the time taken by the leaf to complete 
■the' fall (Pig., 34). ' 

It has been shown that the presence or absence of the 


upper half of the pulvinas makes practically no difference 
in the period of fall; it is now seen that the weight 
exerts comparatively little effrect. We are thus led to 
coDclude that in determining the rapidity of fail, the factors 
of expansive force of the upper half of the pulviniis and 
the weight of the leaf are negligible compared to the active 
force of contraction exerted by the lower half of the 
pulvinus. 

ACTION OP CHEMICAL AGENTS. 


In connection with this subject it need hardly be said 
that the various experiments which I had previously carried 
out with the intact plant can also be repeated with the 
isolated preparation. I will only give here accounts of 
experiments which are entirely new. 


Fig* 34.~-Effect of weight on rapidity of. fall. N, without action of weight; 
W, with weight helping ; and A, with weight opposing. 
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The cliemical sohiiion may be applieil directly to tlie 
piihiiins^ or it may be absorbed tbroogk the cut eiitl, the 
''absorption being hastened by 'hydroBtatic pressure. The 
Eorinal record is taken after observing precaiitions which 
.have already been mentioned'. The reaction of a given 
.cliemical agent is demonstrated: by the changed character 
of the record. The effect of the drug is found to depend 
not merely on its chemical natare, but also on the do;=e,. 
There is another very 'importa.nt' factor — ^that of the tonic 
condition of the tissiie—which :is .found to modify the 
result. The influence of this will ba realised from the 
account of an experiment to be-., given presently, where an 



Ff«. 35, —Stimulating action of hydrogen peroxide. 


identical agent is shown to produce diametrically opposite 
effects on two specimens, ' one , of ' which was in a normal, 
and the other in a sub-to'nic, condition. The experiments 
described below relate to reactions of specimens in a normal 
condition. 

Hydrogen Peroxide: Experiment 27.- -This reagent in 
dilute solution exerts a stimulating; action. Normal records, 



B’la. 36.— Incomplete recovery under the action of BaClj, and transient 
restoration under tetanisation at T. 

response, but remoYed for the time being the induced 
sluggishness. This is seen in the next two records, \vhich 
were taken under theold test-stimulus. There is now’^ an 
enhanced response and a complete recovery. Beneficial 
effect of tetanisation disappeared, however, on the cessation 
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were taken after long-continued application of water on 
the puivlnus. The peroxide, as ■ supplied by Messrs* , Parke 
Davis & Co., was dilated to 1 per cent., . and applied to 
the pulvinus; this gave rise to an enhancement of response. 
Re-application of water reduced the amplitude to the old 
normal value (Fig. 35). 

Barium Chloride: Experiment 28 . — The action of this 
agent is very characteristic, inducing great sluggishness in 
recovery. The preparation had' been kept in 1 -per cent, 
solution of this substance for two hours. After this the 
first response to a given test-stimulus was taken; the 
response was only moderate, and the recovery incomplete. 
The sluggishness was .so great that the next stimulation, 
represented by a thick dot (Fig. 36), was ineffective. 
Tetanising electric shock at T, not only brought about 
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of stimulus. This is seen in the next two reconla which 
were taken after two hours. The amplitude of response was 
not only diminished, but the recovery also was incomplete. 

Anfaijonistic actions of Alkali and Acid: Experiment 
29 . — Alkali ami acid are known to exert antagonistic 
actions on the spontaneous beat of the heart ; dilute solu- 
tion of hiuOH arrests the heat of the heart in systolic 
contraction, while dilate lactic acid arrests the beat in 
diastolic expansion. I have found identical antagonistic re- 
actions in the pulsating tissue of Desniodiitm gyrans, the 



Fih. ar.-AntagonWie actioii of alkali and acid. Arrest of response in 
contraetion under NaOH reatoraHon md final arrest in expanaion under 

actic acM ( ♦ ). 


telegraph plant. It is very interesting to find that these 
agents also exert their characteristic effects on the response 
of Mimosa in a manner which is precisely the same. This 
^ is seen illustrated in Fig. :-}7, where the application of 
' NaOH arrested the response in a contracted state ; after 
this, the antagonistic effect of dilute lactic acid is seen 
first, in its power of restoring the excitability ; its oonti- 
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nued application, however, causes a second arrest, but this 
time in a state of relaxed expansion. 

GuSO^ Solution.— This agent acts as a poison, causing a 
gradual diminution of amplitude of response, culminating 
in actual arrest at death. Certain poisons, again, exhibit 
another striking symptom at the moment of death, an 
account of which will be given in a separate paper. 

EFFECT OF “FATIGUE” ON RESPONSE. 

With Mimosa, after each excitation the recovery becomes 
complete after a resting period of about 15 min. With 
this interval of rest the successive responses for a given 
stimulus are equal, and are at their maximum. 

Experiment SO . — When the resting interval is dimi- 
nished the recovery becomes incomplete, and there is a 



Fia. 38.— “Fatigue” induced by ebortening intervening period of rest. 
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coQseqiicmt. cliiiiiiiiitioii of i^mplltode ,of rt^spoiise* There 
is^ tliiis an i!ic:reaseii , fatigue. ■ with diiuinislied period of 
rest. This is illustrated .dii Fig, .38^. where the first twi> 
responses are at intervals of' 15 min. ; the resting Interval 
was tlieii reiioced to 10 iiilii,, the response riiidergotiig a 
marked dtmiiiutioii. Coiiversel5% by Increasing the resting 
interval, first to 12 and then to 15 min., the extent of 
fatigue was redneed and then, abolished. 


THE INFIatFENOE OF COHBTAKT ELECTRIC CURREHT OK 
RECOVERY. 


E^erimeni 8L — E^roin the above experiment It would' 
appear " that since the incompleteness of recovery induces 
fatigue, hastening of recovery .would remove It. With this 
idea I ■ tried various methods for quickening the recovery 
of ' the excited leaf* The application of. a constant electric 
current was found to have, 'the desired effect. Two elec-^ 
trodt‘S for introduction of current were applied, one on 
the stem and the other on the petiole, at some distance 
from.' the piilviiius. In order to avoid the excitatory , effect 
of sudden application, the Applied current should he in» 


.. y , ;f 10. constant camnt in ;removaI of fatigue by hastening 

recovery; N, curve of response in fatigued specimen ; C, after passage of current. 
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creased, gradually this . .was secured by means of a poten- 
tiometer , slide. In my , experime,nt a current haTing an 
intensity of , 1*4 micro-ampere was found to be effective. 
Responses at intervals of 10 min.,' as we have seen, exhibit 
marked fatigiie. Two' responses were recorded on , a fast- 
moving plate, N before, and C after, the application of 
the current. It will be seen (Fig. 39) how the application 
of current has, by hastening the recovery, enhanced the 
amplitude of response and brought about a diminution 
of fatigue. In connection with this, I may state that the 
tonic condition is, in general, improved as an after-effect 
of the passage of current. This is seen in some cases by 
a slight inci'ease in excitability ; in others, where the res- 
ponses had been irregular, the previous passage of a cur- 
rent tends to make the responses more uniform. 

ACTION OF LIGHT AND DARKNESS ON EXCITABILITY. 

In taking continuous records of responses I was struck 
by the marked change of excitability exhibited by the intact 
plant nnder variation of light. Thus the appearance of a 
cloud was quickly followed by an induced depression, and 
its disappearance by an equally quick restoration of excit- 
ability. This may be explained on the theory that certain 
explosive chemical compounds are built up by the photo- 
synthetic processes in green leaves, and that the intensity 
of response depends oh the presence of these compounds. 
But the building up of a chemical compound must neces- 
sarily be a slow process, and it is difficult on the above 
hypothesis to connect the rapid variation of excitability 
with the production of a chemical compound, or its ces- 
sation, concomitant with changes in the incident light. 

Experiment 32 , — In order to find out whether photo-syn- 
thesis had any effect on excitability, I placed an intact 
plant in a dark room and obtained from it a long series 
of responses under uniform test-stimulus. While this was 



§4 ' ' falFE MXW EMBH'f B- ■ IK PLANTS , , 

being done the green leaflets were alternately subjected to 
strong iiglii and to darkness, . -care being taken that the 
piii'viiiiis was shatled all the time..- The alternate action 
of iiglii and darkness on leaflets 'iiidticed no variation in 
the uniformity of response. 'This' shows that the observed 
variatloii of excitability in Mimma under the alternate 
action of light and darkness, is not attrihn table- to the 
photo-synthetic |>Tocesse.s. 

I next took a petiole-pul vinos preparation from which 
the sub-petioles bearing the leaflets had been cut off, and 
placed it in a room ' illnmin.ated by diffused daylight. 
The normal responses were taken, the temperature of the 
room being 30^ G. The room was darkened by pulling 
clown .the' bh*.nds, and records were continued in darkness. 
The .teniperature of the roo.m remained "unchanged , at 30'^ 
C. It will be'see.n irom records^ given,, in Fig. 4(V th.at in 



Pia. 40.--Stlmuktittg action of light, and dBrreasing action of darkness. 
H,orhKontaI line below represents period of darfen^s. 
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darkness tliere is a great depression ot excitability. Blinds 
were next pulled, up and the records now obtained oxMbit 
ilie normal excitability tinder lights The sky had. by this 
time become brighter, and this accounts for the .slight 
enhancement' of • excitability. This experiment' 'proye® 
coiioluslvely that light has a direct stimulating action on 
the ptilvinus, independent of photo-synthesis,* 


SUMMARY. 

On isolation of a petiole-pulvinus preparation, the shock • 
of operation is found to paralyse its sensibility. After suit- 
able mounting the excitability is restored, and remains 
practically uniform for nearly 24 hours. After this a depres- 
sion sets in, the rate of fall of excitability becomes rapid 
40 hours after the operation, sensibility being finally abolish- 
ed after the fiftieth hour. 

Experiments carried out on the effect of weight, and 
the influence of selectiye amputation of the upper and 
lower halves of the pulvinus, show that in determining the 
rapidity of fall of leaf, the assumed factors , of the expansive 
force of the upper half of the pulvinus and the weight of 
the leaf are negligible compared to the force of active con- 
traction exerted by the lower half of the pulvinus. The 
excitability of the lower half is eighty times greater than 
that of the upper. 

Chemical agents induce characteristic changes in excita- 
bility. Hydrogen peroxide acts as a stimulant. Barium 
chloride renders the recovery incomplete; but tetanisadon 
temporarily removes: ...the induced sluggishness,; ' Acids and 

also Bose and Das— * Physidlogical lnvestigations with Petiole-Pulvinas 
preparations of Mimosa pudica* Proc, Roy. Soc. B. ToL 89, 1916. 
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alkalis induce a!itagon.i.stie'.react.ioas.s abolition of excitabiitty 
Witli alkali taking .place in a 'contractedj ' and witli acid hi 
a.ii. expaiicled condition of the ^pulviniis. 

The responses exhibit fatigue when the period of rest is 
diiiiiiiishetL The passage of constant current is timiul to 
remove the fatigue. 

, Response .is enhanced o,n. exposure to light, and diiii- 
iiiished in darkness. Light is shown to exert a direct 
stiiniiiating action on the puivinnSj indepeijiient cif photo- 
syiitliesig. 



VL— ON CONDUCTION OF EXCITATION IN PLANTS 


By 

Sir J. C. Bose. 

The plant offers the best material for invest- 

igation on conduction of excitation. With regard to this 
question the prevailing opinion had been that in plants 
like Mimosa^ there is merely a transmission of hydro- 
mechanical disturbance and no transmission ot true ex- 
citation comparable with the animal nerve. I have, however, 
been able to show that the transmission in the plant 

is not a mechanical phenomenon, but a propagation of 
excitatory protoplasmic change. This has been proved by 
the arrest of conduction by the application of various 

physiological blocks. Thus local application of increasing 
cold retards, and finally abolishes the conducting power. 
The conductiug tissue becomes paralysed for a time as an 
after-effect of application of cold ; the lost conducting 

power may, however, be quickly restored by tetanising 
electric shocks. The conducting power of an animat nerve 
is arrested by an electrotonic block, the conductivity being 
restored on the Cessation of the current. I have succeeded 
in indncing similar electrotonic block of Gonduction in 
Jfimosa. Conductivity of a selective portion of petiole 
may also be permanently abolished by local action of 
poisonous solution of potassium cyanide.’^ 

^ Bose— A ll Automatic Method for the Investigation of Velocity of Trans- 
mission of Excitation in 3/imosa.” * Phil. Trans.^ ‘ B, VoL 304 (1913) and 
also ‘^Irritability of Plants.” liongman’s Green & Co. (1913), p. 132, 
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.'Having thus established the.'" physiological .character of 
the traiisnii tied impulse in plants I ' shall : now proceed to 
give some of the principal- results of my earlier . ami 
recent investigations on the' effects of., various agencies on 
conci notion of .excitaiion in plants. . 

Apart from any gnestlon of 'hydro--niechai:i!cal .trans- 
mission, it Is important to (.Mstinguisli two different modes 
of transmission ,of excitation. In a motile tissue contrac- 
ti,o.n of a cell causes physical deformation and stimula- 
tion' of the iieigliboB.riB.g cell. Examples of this. are. 
■fiiiMiished by the cardiac muscle of the animal, . the piii- 
vitins of Mimosa^ and ■ the stamen ■ of Berbaris, ■ This mode 
of propagation may better be ’described as a cmimctim 
of excitation. b. 

T.he mnduaiion of ex.citatio.n, as in a nerv-e., is a 
different process - of transmission of protoplasmic change. 
The condncting tissue in this case does not itself exhibit 
any visibla change of form.- In the •plant the necessary 
condition for transmission of- excitation to a distance is 
that the oondiicting tissue should be possessed of proto- 
plasmic continuity in a greater or less degree. This 
condition Is ftillilled . by vaBcular- Imndles. There being 
greater facility of tranS'oiisBion along the bundles than 
across th^'in, the velocity in the longitudinal direction is 
very much greater than in the transverse. '. .. 

For accurate determination - of . velocity, of transmission 
the testing stimulus should . be quantitative and capable of 
repetition. Abnormal high' velocity - has ' been observed in 
Mimom by applying crude, and drastic methods of stimu- 
lation, by a transverse-'/, cut-'^ or,.' ,a burn. This is apt to 
give rise to a very strong hydro-dynamic disturbance, which 
travelling with great speed;,- ''delivers a mechanical blow 
on the responding pulvinus. ■:Suoh hydro-dynamic trans- 
mission is not the same as .-ph.ysioioglcal conduction. 
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Ie the prlEiary petiole of Mimosa the highest velocity 
iiiicler electric stimulation I find: to be about 30 mm. 
per second. This ' velocity is considerably lower than the 
velocity in the nerve of higher animals, but higher than 
in the lower animals. As an example of the latter, 
mention may be made of the ■ velocity of 10 mm. per 
second in the nerve of Anodon and 1 mm. per second in 
the nerve of Eledom. 


PEBPBRBNTIAL DIRECTION OP CONDUCTION. 

Experiment S3 , — The conduction of excitatory impulse 
takes place in both directions. This can be demonstrated 
by taking a petiole of Biophytum sensitivmn or of Averrhoa 
caramhola. These petioles are provided with a series of 
motile leaflets. Stimulation at the middle point of the 
petiole gives rise to two waves of excitation, one of which 
travels towards the central axis of the plant, and the other 
away from it. The centrifugal velocity is greater than 
the centripetal as will be seen from the following results : 


Biophf/tum ... 

Velocity in centrifaga] direction 

mm. per second. 


„ centripetal „ 

2 mm. „ „ 

Averrhoa 

,5 centrifugal „ 

0*5 mm. 5 , „ 


„ centripetal » ••• 

0*26 min „ „ 


EFFECT OF TEMPERATURE. 

Variation of temperature has a marked effect on "the 
velocity of transmission of excitation. Lowering of tem- 
perature diminishes the velocity, culminating in an arrest. 
Rise of temperature, on the other hand, enhances the 
velocity. This enhancement is considerable in specimens 
in which the normal velocity;' is low, but ' .in ; plants in 
optimum condition, the velocity being already high, cannot 
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be fiiTtlier eiiliaiiceO* The following tabular Btatem.eiit 
gives results of effects of Ltunperatiire on velocity of trans- 
mission in Ilimosa mid Buiphijt uni:— 


TABLE IV.— EFFECT OF TE3I F'URATUHE OK VELOCITV OF 'I'BAXSM ISSiOX. 


! 

1 Specimei'i. 

1 

; Temperature, i 

Ve]c»di3v 

i 

Ji i m om ( w i ii i' er sinec iiiien ) 

... ! 22V.’ 1 

.-Cf) mm. per .sfcCo.iid. 


! 2SV’ i 

O'B mm. .. ■ 


. ; anc 

il‘0 .1110.1, „ 

Bhpk^tum .. 

■ ... ; ■ 

3*7 mm. ,, 


Sa-C' , 

7*4 ram. ,, 

r , , 

i 

■ i 

e*l iirm. *, 


EFFECT OP SEASON. 

The velocity of transmission is very much lo^vtn^ in 
winter than in surameiu In the petiole of Mimosa^ 'the 
velocity in siimiiier is as high as 30 mm* per second ; in 
winter it is rednced to about 4 min. The lowering of 
velocity in winter is partly due to the prevailing low tein- 
paratiire. and also to the deprt'ssed state of physiological 
activity, ' 

'EFFECT .OF ACE. 

c. Ill, a, plant, different leaves ' will be found of 

different , age. ' .01 these the youngest wiil be at the , top. 
Loyer,: down, we ■obtain ,a’ fully grown .young leaf, and 
near the base,' leaves which are %^erj old. ' The investigation 
■deals with the effect, of ■ age' on' the conducting, power of the 
petiole, 

Coinparhiyii (if rohdiietinf]^ power in differail leaves: 
E.rperiment M. — Selecting three.-., .leaves from the same plant 
we apply an itientical electric ■■■ ■stimulus 'at points % cm. 
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frolii the three responding' . piilviiii. ■„ Tlie ■ electric, .coiiiiec- 
tioiis are so made that the same tetauising shock is applied 
on the three petioles, very -young, f ally , grown, and very 
old* The secondary coil is gradually pushed in till the 
leaves, exhibit, responsive - fall. The -.fully grown leaf was 
the first to respond, the velocity of transmission being 23 
mm. per second. The secondary coil had to he pushed nearer 
the primary through 6 cm. before excitation could be 
effectively transmitted throagh the young petiole; for the 
oldest leaf still stronger stimulus w^as necessary, since in this 
case the secondary had to be pushed through an additional 
distance of 4 cm. for effective transmission of excitation. 
I also determined the relative values of the minimal inten- 
sity of stimulus, effective in causing transmission of excita- 
tion in the three cases. Adopting as before the intensity 
of electric stimulus which causes bare perception in a 
human being as the unit, I find that the effective stimulus 
for a fully grown young petiole is 0*3 unit, while the 
very young required 2*5 units, and the ver 3 h<^iti 
Hence it muj be said that the conducting power of a very 
3 mung is an eighth, and of the very old one-sixteenth of 
the ccoductivity of the fully grown ^mung specimen. 

It will thus be seen that the conducting power of a 
ver^’ young p)etiole is feebler than in a fully grown speci- 
men. The conducting tissue, it is true, is present, but the 
power of conduction has not become fully developed; This 
power is, as we shall see later, conferred by the stimulus 
of the environment. In a very old specimen the diminution 
of condo cting power is due to the general physiological 
decline. 

. jEji^fEOT Of DESICCATION 'ON CONDUCTING TISSUES. 

I have , already shown . -.that .transmission, i.n the plant 
is a pimcess fundamentally similar to that taking place in 
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t.he animal nerve; it has also been shown that the effects 
of various physical and chemical, agents are the same in 
the conducting tissues of plant and of animal. 

Effect of apjilimtion of glycerine: Erperimenl 95 . — It is 
known that desiccation, generally speaking, enhances the 
eNcitahility of the animal nerve, \A.s glycerine, by absorp* 
tion of water, causes partial desiccation, I tried its effect 
on conduction of excitation in the petiole of Mimosa. 
Enhancement of conducting power may be exhibited in 
two ways: first, by an increase of velocity of transmis- 
sion; and, secondly, by an enhancement of the intensity 
of the transmitted excitation, which would give rise to a 
greater amplitude of response of the motile indicator. In 
Fig. 41 are given two records, N, before, and the other after 



excitation^ gb’cerine m enhancing tfie speed and intenEity of transmitted 


the application of glycerine on a length of petiole through 
which excitation was being transmitted. The time-records 
emonstrate conclusively the enhanced rate of transmission 
after the application of glycerine. The increased intensity 

0 transmitted excitatioB, U a^o semi in tlie enhanced 
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amplitude of response seen in- the more erect curve in the 
upper record. 

INB’LUENCE OP TONIC CONDITION ON CONDUCTIVITY.^ 

Different specimens of Mimosa are found to exhibit 

differences in physiological vigour. Some are in an opti- 
mum condition, others in an unfavourable or sub-tonic 
condition. I shall now describe certain characteristic 
differences of conductivity exhibited by tissues in different 
conditions. . 

Effect of intensUy of stlmtihis on velocity of trammis^ 
sion,— In a specimen at optimum condition, the velocity 

remains constant under varying intensities of stimulus. 
Thus the velocity of transmission in a specimen was deter- 
mined under a stimulus intensity of 0-5 unit ; the next, 
determination was made with a stimulus of four times the 
previous intensity, i,e,, 2 units. In both these cases the 
velocity remained constant. But when the specimen is in 
a sub-tonic condition, the velocity is ' found to increase 

with the intensity of the stimulus. Thus the velocity 
of conduction of a specimen of Mimosa in a sub-tonic 
condition was found to be 5*9 mm. per second under a 
stimulus of 0*5 unit; with the intensity raised to 2*5 

units, the velocity was enhanced to 8*3 mm. per second. 

Afte^^-effect of stimulus,— In experimenting with a parti- 
cular specimen of Mimosa I found that on account of its 
sub-tonic condition, the conducting power of the petiole 
was practically absent. Previous stimulation was, however, 
found to confer the povj^er of conduction as an after- 
effect. It is thus seen that stimulus canalises a path for 
conduction. 

The effect of excessive stimulus in a specimen in an 
optimum condition is to induce a temporary depression of 
conductivity ; the ■ etfeci of .strong stimulus; on a sub-tonic 
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is precisalv the- opposite, ■ luimely, jiii eiilKiiiceiiient 
uf ecoidiieii vity. I give ■ below aoeoniits of nvt> typieul. 
oxpioiiaeiits carried out with pet.iole*|.ni'ivimts |ireparatioii 
of Jliiiitmi. ExcessjA’i::* -stiinoJaiion 'ill these cases was caiistol 
by injury. 

Action of on N'ormal Sjm'imem: Kcperinojui -36, — 

A cut stem with, entire leaf was taken, and stiiiinliis applied 
at a distance of 15 mm. from the piilviniis From the 
normal record (1) in Fig., 42 the 'velocity of traii'Siiilssio!! was 



Fiti, m.—KUlct nf injury. depresHing rate of couduciion in normal r^pecimen : 

(1) r(a.*ord iK-fon*, aurl (ii) after injury. (Dia-intcrval^. o-j .«ee.). 

■found CO be 18*7 mm. per sec. The end of the pitiole 
beyoud the iioint of application ' -of the testing stimulus was 
now cut off, and record ■■ -of' velocity of transmission 
taken once more. It will he .seen from record (2) that 
the excessive stimulus caused ..'■by... Injury had induced a 
depression in the conducting .. . power, the velocity being 
reduced to 10*7 ninn per . 'Sec. .Excessive stimulation of 
norixial specimens is thus seen to,- depress temporarily the 
conducting power. 

Adiou of Injury on Suh4oHw Specimens ; Experiment 
37 , — I will now describe a very interesting experiment which 
shows liow an identical agent may, on account of difference 
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ill the tonic condition of the tissne, give rise to dia- 
metrically opposite effects. In demonstrating this, I took a 
specimen in a sub- tonic condition, in Avhich the conducting 
power of the tissue was so far below par, that the test- 
stimulus applied at a distance of 15 mm« failed to be 
transmitted (Fig. 43). The end of the petiole at a distance 



Picj., 43 , — EiJrect of injury in enliancing the condiicting power of a sub- 
normal specimen; (1) Ineffective transmission becoming effective at (2) after 
section; (8) decline after half an hour, and (4) increased conductivity 
after a fresh cut. 

of 1 cm. beyond the point of application of test-stimulus 
was now cut off. The after-effect of this injury was 
found to enhance the conducting power so that the stimulus 
previously arrested was now effectively transmitted, the 
velocity being 25 mm. per sec. This enhanced conducting 
power began slowly to decline, and after half an hour 
the velocity had declined to 4T mm. per sec. The end 
of the petiole was cut once more, and the effect of injury 
was again found to enhance the conducting power, the 
velocity of transmission being restored to 25 mm. per sec^ 

SUMMARY. 

There are two different types of propagation of excit- 
ation ; by convection, and by eondiiction. In the former the 
excited cell undergoes deformation and causes mechanical 
stimulation of the .next; '.example of this "type is seen in 
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the stamen of Berheris, The coiidiiatioii of excitation con-* 
sists, on the other liaBd^ of propagation of ■ i^xcltatory 
protoplasmic change. The tramiiission ■ in tho peiio!i! of 
Mmwsfi m a phenomenon of conductioo.. 

Tills eond action takes place along ' vasciiltir elements. 
The coiKliictivity is ¥ery much greater in the longitudinal 
than in the transverse direction. 

Else of teinperatnre enhances, and fall of temperature 
lowers, the rate of condaction. Excitation is traiisiiiitted 
in both directions; the centrifugal ’velocity, is greater „ than 
the centripetal, 

Dessicatioii of condneting., tissne by glycerine, enhances 
the conducting power. Local application of cold depresses 
or arrests the conduction, • Application of poison permanent- 
ly abolishes the power of conduction. 

Conductivity is modified by the. effect of .season, being 
higher in summer than in 'winter. 

The power of conduction is also ' modified by age. In 
young specimens the conducting power Is low, tlie conduc- 
tivity is at its maximum in fully grown organs ' but a 
decline of conductivity sets in .with age. 

The tonic condition „of a tissue has an Influence on 
conductivity. ; In an optimum condition, the velocity Is the 
same for feeble or strong stinuilus* Excessive stiiniiiation 
induces a temporary 'depression of the conducting power. 

The effects are cliff erant in. a sub-tonic tissue : .velocity 
.'of transmission increases, with intensity of stimulus ; after- 
; effect., of ,, stimulus is to , ..initiate or enhance the. .conducting 
power. '^The;.,. conducting path is canalised by .stimulus,. 
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By 

SiE J. C. Bose. 

I HAVE in my previous works’*^ described investigations 
on the conduction of excitation in Mimosa pudica. It *was 
there shown that the various characteristics of the propa- 
gation of excitation in the conducting tissue of t|ie plant 
are in every way similar to those in the animal nerve. 
Hence it appeared probable that any newly found pheno- 
menon in the one case was likely to lead to discovery of a 
similar phenomenon in the other. 

As the transmission of excitation is a phenomenon of 
propagation of molecular disturbance in the conducting 
vehicle, it appeared that the excitatory impulse could be 
controlled by inducing in the conducting tissue two opposite 
‘ molecular dispositions % using that term in the widest 
sense. The possibility of accomplishing this by the directive 
action of an electric current had attracted my attention for 
many years. ' 


METHOD OF CONDUCTIVITY Bi^LANCE. 

I have previously carried out an electric method of in- 
vestigation, dealing with the influence of electric current 
on conductivity. The method of Conductivity Balance; which 
I devised for this purposet was found very suitable. Isolated 
conducting .tissues of- certain plants were' found to exhibit 
* Bose— '‘ Comparative Biectro-Physiology ’’ (1907). Longmans, G-reen and Co. 

' 'f Ibidi P*'478. ; '' ^ ■ ■ ■ 
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traiismliiei! t^lfect of exeitatorj* eiecfcrlc cliarige of galvaiio- 
nietric no^’iiuvity, ■which at ' the. faTonrable j^easoii of the* 
year wan oi’ siifficleiit i.nteB.sitT to be .reeorile'i by a nensitive 
.lifulvatioineieia A long stFarid of the con«iiien!ig tisane was 
ta.ken innl two electric connections were niatle with, a 
galvaiiomeieiy a few eentinietres ■ from the free ends. 
Tlieriiiai stiniiiliis was applied at the' middle, when two 
excitatory waves with their concomitant electric changes 
were transniittecl outwards. By siiita'bly moving the point 
of application of stimiihis nearer or fiirtdier away from one 
of the two electric contacts, an .exact ba'Ianca was oi)taiiied- 
This was the case when. ' tht^ resuitaiic galvanometer deflec- 
tion was reduced, to j^ero. If now a,n electrical current be 
s.e.nt, along the length of the conducting tissue, the two 
excitatory waves sent ■ outwards from the centra! s.timuiate(l 
point will eueomiter the electric cur.rent in dilferent ways ; 
one of the exeitatiiry waves will travel with, and the otlier 
against the dlrecrion of thecurrent. If the power of transmitting' 
excitation is nmdified 'by the direction of an electric current 
then the magnitudes of transmitted excitations \vill be ditfer- 
eiit in the t%vo cases, \vit.h the result of tlie upsetting of 
the CAindnctivity Balance. From the results of experiments 
carried out by this method on ■ the effect of feeble 
current <ni condiiciivtt^y fc'he ,co.nclusio.n ^^as arrived at tliat 
excikitlon is befJer eimdueted against the dinxtkm of the 
€urre}it than ivith it In ' other .wo.rds, the infiiience of an 
electric current is to confer a :pre.ferentia! or selective direc- 
tion of conductivity for excitation, the, tissue 'becoming a better 
conductor in an electric wp-Mil .direction compared with a 
down- hill. 

The results were so iinexp.ected".t'hat.. I have' for long been 
desirous of testing ,the validity."- of .'this conclusion by inde- 
pendent method of inquiry, -rshall presently give full aecount 
of the perfected method, ami '.the:.. various difficulties which 
had to bo overcome to render it practical. Before doing 
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Ills I aliall describe a simple method, ■whicli I have devised 
for demoiistratiiig the principal results. 

CONTROL , OP TRANSMITTED EXCITATION, IN ArERRSOA BIimar. 

■ The petiole of AverThoa hilimhi has a large ■ number .of 
paired leaflets, which, on excitation, undergo downward 
closure. Feeble stimulus is applied at a point in the 
petiole, and the transmission of excitation is visibly mani- 
fested by the serial fall of the leaflets. The distance to 
which the excitation reaches is a measure of normal power 
of conductioii. Any variation of conductivity, by the 
passage of an electric current in one direction or the other 
is detected by the enhancement or diminution of the dis- 
tance through which excitation is transmitted. I shall 
describe the special precautions to be taken in carrying 
odt this investigation. 

Electric stimulus of induction shock of definite intensity 
and duration is supplied at the middle of the petiole at EE' 
(Fig. 44). The leaflets to the left of E, are not necessary 



44. — Diagram of exj erimental arrangement for control- of trnuamitted escit 
ation in ArmAoa For explanation see test. 
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for tlie purpose of, tills experiment and, tliereCore removed. 
The iiiteiisifcj of the induction shock ,may be varied in the 
usual mamier ■ bj removing the . secondary coil nearer or 
farther from tlie prloiarjv The duration of the shock is 
always iiiaiiitaiiiecl constant. On application of ek^d'ric 
stimnliis excitation is t,ra!ismitted along the petiole, the dis- 
tance of traiisiiiissioii depending on the intensity of,stimnhis. 
With feeble stimuliis two pairs of leaflets may undergo 
an ' excitatory fall; with stronger stimnins the transmission 
is extended to the end of the petiole, and ail the leaflets 
e'xMbit moveinents of closure. We shall now study the 
,modifying influence of a constant current on coadiictioii 
of excitation,. C is an electric, cell, R the reversing key 
b}" which the electric current could be sent from right to 
left or i,n the opposite direction. When the ciirre,iit is sent 
from right to the left, the excitatory impulse i,nitiated at 
BEl' travels against the direction of the current in an 
^up-hill’ direction. When the current is reversed it flows 
in the petiole from left to right am! tlie transmitted 
impulse . t,riivels with the- current or In a' ‘down-hill® 
direction. 

Two complications are introduced on the completion of 
the. , electric circuit of the- -cons-tant current: the first, 
is the distributing effect of leakage ■ of the induction 
ciirrent used for excitation, and ..second,, the polar variation 
of excitation induced by, the constant ' current., , 

Leakage: of mdmtimi completing the 

c,onstant ' current circuit,, ■ 'th,e , alternating induction current 
goes ^ only ,'bhrough .the path EE', . On completion of ;, the 
constant current circuit, the , alternating induction current 
not only passes through the , shorter ,path .E.E' but also by 
the circuitous path of the ' constant current circuit. The 
escaping induction, . current- .would- thus excite all the 
leaflets directly and not ..-■'hy . -its:', transmitted action. 
This difficulty is fully overcome' :by -the interposition of a 
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eliokiiig coil which, will be described , below. A simpler, 
.though less perfect, device may be employed to,,.reduce:,.aiid; 
practically , eliminate the leakage. , This consists of, a lo.o.p, 
L, of sliver wire p,laced outside The leakage of indiiG- 

tioii cuFient is thus diverted along this path of negligible 
resistance in preference to the longer circuit through the 
entire petiole, which has a resistance of several million ohms. 

Polar action of current on excitability,— li is well known 
that an electric current induces a local depression of ex- 
citability at the point of entrance to the tissue, or at the 
anode, and an enhancement of excitability at the point of 
exit, or at the cathode. But the excitability is unaffected at 
a point equally distant from anode and cathode. This is 
known as the indifferent point. The exciting electrodes 
EE' are placed at the indifferent point. But when the 
current enters on the right side, the terminal leaflets to the 
right have their excitability depressed by the proximity of 
anode, but the leaflets near the electrodes EE', being at 
a distance from the anode are not affected by it. Moreover 
it will be shown that the enhanced conductivity conferred 
by the directive action of the current overpowers any 
depression of excitability in the terminal leaflets due to 
the proximity of the anode. I shall, for convenience, de- 
signate the transmission as ‘up-hill’, when excitation is 
propagated against the direction of the constant electric 
current, and ‘ down-hill ’ when transmitted with the direc- 
tion of the current. 

' /Transmission of excitation ‘ Vp-hiU^ : Experiment 38, — I 
shall give here an account of an experiment which maybe 
taken as typical. I took a vigorous specimen of Averrhoa 
and applied a stimulus whose intensity was so 
adjusted that the propagated impulse broiiglit about a fall 
of only . two pairs of leafle,ts. This gave a measure of 
normal conduction without the passage of the current. 
The constant electric current was now sent from right to 
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iei't. A iHH*e.<sary preeaiitioii is to inox*oaso tlie currpiii grsuln- 
ally hy iiii‘u.ns of a siiifcabie poteBriometctr sH(h% ii.» Its full 
value. Tilt" reason for this will be given la-ten Tin* in- 
tensity 0 . 1 * the constant current .eniployesl was ,1*4 micro- 
amperes* Now on, exciting, the' petiole by the previmis 
stiiniilos, the conducting .powe,r was found to he grcaiiiy 
eiihauecil The excitatory i. in pulse now .reached .tin* end i)f. 
the petitde, and caused six pairs of leaHcts to fall. 

TrmrmnJMUyn exeiiation hDown-hUP : Experimeni 39, — ^ 
111 con till nation of the previo.iis experiment, the constant 
electric ciirrenfc. was reversed, its directions ludiig now f,rom 
left to right. ' Transmission of excitation was .now in a 
downirhill direction,- On applying the indiictirin shock stiioii- 
las of the same intensity as before, the coiidiictiiig power 
of the petiole was found to .be abolished, .none of 'the 
leaflets e,x.liil)ifcing any sig.n of excitation, 'i.liis .modification 
of the conducting, power persists during the passage of the 
■constant current. On cessation of the current the original 
conducting power is found to be restored. It will thus be 
seen that the power of conduction is capable of inodifica- 
tioii, and that tlie passage of an electric current of 
mmlerate intensity induces e.iihaiiced power of conduction 
in an Mip-ldll ’ and dlmirriBheii. conductivity in a ’’ drnvn-litli ^ 
directioin 

y-EL'SCTRIC, COKTROb KERVOUB -IMPUbBE IK AKIMALB. 

Ill my ‘Researches on .Irritability of Plants’ I have 
shown how intimately connected ' are- the various physio- 
logical reactions in the plant and in the animal, and I 
ventured to predict .that the . recognition of this miifcy of 
response in plant and ani-mal ...will lead to further dis- 
coveries in physiology in -general. This surmise has been 
fully Justified, as will l)e..see.n in the following experi- 
ments carried out on the nerve-and-niuscie preparation of a 
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frog. It is best, to carry out 'the experiments' ' with vigor- 
ous specimens; .this ensures success, even in, long continued, 
e,xperiment.s, which can ■ then be repeated with , unfailing: 
..certainty for hours. It is also an advantage to .use a large 
frog for its relatively great length of the nerve. 

I)treciive action of current on conduction of excitation 
in a neTve~and-m.uscle preiMTation : Experiment 40 , — A 
preparation w^as made with a length of the spine and two 
nerves leading to the muscles. The specimen is supported 
in a suitable manner, and electric connections made with 
the toes, one for the entrance and the other for exit of 
the constant current. The current thus entered, say, by 
the left toe ascended the muscle and went up the nerve 
on the left side, and descended through the other nerve on 
the right side along the muscle and thence to the right 
toe. Before the passage of the constant electric current 
the spinal nerve was stimulated by an induction shock 
of definite intensity. The nervous impulse was conducted 
by the two nerves, one to the left and the other to the 
right, and caused a feeble twitch of the respective muscles. 
A feeble current of 1*5 micro-ampere was sent along the 
nerve-and-muscle circuit, ascending by the left and de- 
scending by the right side. It will be seen that excita- 
tion initiated at the spine is propagated ‘against’ the 
electric current on the left side, and ‘ with ’ the current 
on the right side. On repetition of previous electric 
stimulus the effect of directive action of current 
w^as at once manifested by the left limb being thrown 
into a state of strong tetanic contraction, whereas the right 
limb remained quiescent. By changing the direction of 
the constant current the induced enhancement of con- 
ductivity: of the nerve,, was .' quickly ' transferred ; , f^^ the 
left to the right side, Jhe depression or conduc- 

tion being simultanBously transferred to the left side. 
Turning the reversing key one way or the other brought 
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about gtiprm or w:ow-condiictiBg4 state of tiie io‘no\ and; 
this coiiciitioii was iiiaiotaiued throughout the duralioii, of 
the e4:i:rreat.» 

I shall desorlbe a. more perfect iiietliod for obtain- 

ing fjuaiititative results both, with plant and uniinaL In 
order to ileiiionsirate the .universality of the plienomeiioii^ 
■I next used Mimosa p^tidka instead of Averrhoa^ for 
experimeiits on pl.a:iits« 

For deterniliiatioii of normal' v^elocity of transmission 
of excitation and the induced ■. variation of that velocity^ 
I employed the auioinatic method of recording the velocity 
of . traiisiiiissieii. of ' o.xc!tation' in where the excit 

.atory fall of the nio.ti.i.e leaf . gave- a 6.1gi.ia.l .fo.r the arrival 
of the excitation initiated afc- ' a ' distant point. In this 
method the responding leaf' is .attacheil to u light lever, 
the writer being placed at right angles to it. The record 
is taken mi a smoked glass plate/ which during its descent 
iiiakt‘S an instantaneous electric contact, in consequence 
of which a Btiiiiuiating shock . is applied at a given point 
of the petiole. A mark 'in- the recording plate indicates 
the moment of application of .■ .stimu! ub. After a definite 
interval the excitation is, conducted to tlie .responding pul- 
viiius, when the excitatory fall ■'■of the leaf pulls the writer 
siiddeiily to the left. From '-.the '"curve traced in this manner 
the time-interval between, "the. .application of stimulus and 
the initiation of response' can : be founds and the normal 
rate of transmission of ' excitation, through a given length 
of the conducting tissue deduced. The experiment is then 
repeated with an electric current flowing along the petiole 
with or against the direction ' of. .transmission of excitation. 
The records thus obtained' - enable us to determine the 
influence of the direction of . the current on the rate of 
transmission, I shall presently - describe the various diffi- 
culties which have to be' .overcome before the method Just 
indicated can be rendered practicaL 
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The scope of iiivestigafion Avill he best describe'! accord- 
ing to the following plan’^:— 

PART L—INFLUENCE OF DIRECTION OP ELECTRIC CURRENT 
ON^ CONDUCTION' OF EXCITATION IN PLANTS. 

General method of experiment. 

Effect of feeble currant on velocity of transmission of 
excitation * up-hiii * or ‘ clown-hilL’ 

Determination of variation of conductivity by the 
method ot minimal stimulus and response. 

The after-effect of current. 

PART IL— INFLUENCE OF DIRECTION OF ELECTRIC CURRENT 
ON CONDUCTION OP EXCITATION IN ANIMAL NERVE. 

The method of experiment. 

Variation of velocity of transmission under the action 
of current. 

Variation in the intensity of transmitted excitation. 

PART L— INFLUENCE OP DIRECTION OF CURRENT ON 
TRANSMISSION OF EXCITATION IN PLANT. 

THE METHOD OF EXPERIMENT. 

I may here say a few Words oc tha manner in which 
the period of transmission can be found from the record 
given by my Resonant Eecorder, fully described in my 
previous paper. The writer attached to the recording lever 
of t his instrument is maintained by electromagnetic means 
in a state of to-and-fro vibration. The record thus con- 
sists of a series of dots made by the tapping writer, 
which is tuned to vibratB at a definite rate, say, 10 times 
per second. In a particular case whose record is given in 
Curve 1 (Fig. 46), indirect stimulus of electric stock was 
applied at a distance of 15 mm. from the responding 

For failer account see Bose— ^ The mil uence of Homodromous and Hetero- 
dremous Electric Current on Transmission of Excitation in Plant and Animal.’ 
Proc. R. S.B., Vol. 88, 191o. 
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inihiiiiiH. , There are 15 :hiterveBiBg dotft lietAveen the 
inoineiit of applie^moE ■ of , stiiiiBlos and the Iwgliining of 
response ; the tiiae-inter%-al Is therefo-re 1*5 The 

lafeoiit period of the motile pulTinus Is ohl;ained from a 
record of tlirect stimulation ; the average value of this in 
siiiiiHier is 0*1 second. Hence the true period of trails- 
mission is 1’4 seconds for a distance of la mio. The 
velocity determined in this particular case is therefore 10*7 
iiiiri* per secontL 

Preeaiitioii has to be taken against aiiofcher .source of 
‘listiirbaiice, namely, the excitation caused by tlie sudden 
comnieiicerneiit or 'the ce.ssation of the constant current. I 
have shown elsewhere* that the sudden initiation or cessa- 
tion of „ the ciirre,nt induces an excitatory' reaction, in the 
pla.iit-tissue siin.iiar to that in nhe aiiiin.al , tissue. This 
difficulty is .removed .by the introduction of a sli(.ll..ng 
pofeentitunerer, which allows, the applied electromotive force 
to be gratlually increased from' ssero to the maxiiniim or 
decreasetl from the inaxirauin to jsero. 

The experimental arrangement is i.iiagnuniuaticaliy shown 
in Fig. 45. A,fter attaching the petiole to the recording 
lever, indirect stimulus is applied, generally speaking, at 
a distance of 15 mnn from the -responding pulvlnus. Stimu- 
lus of electric shock is applied - in- the usual manner, by 
means of a sliding indiietion .-colL ^ The intensity of the 
induction shock is adjusted by gradually changing the 
dlstan.ce between the seco.rulary . and 'the - primary, till a 
minimally effective stimulus is found. In the 'study of the 
effect of direction of constant . current '0,n coiiduciivity, non- 
polarisable electrodes make ■ suitable, electric connections, 
one with the stem and thS' other with the '-tip of a sub- 
petiole, at a distance from ■. each ■ other "of , abo.'iit. 95 min. 
The point of stimulation and; the responding pnivinus are 
thus situated at a considerable distance from the anode or 

the cathode, in tlie indifferent region in which there is no 
* Bosk— * Plan fe Kef^poiii^o ’ (1906)5 Ltmtabllity of Plants^ (lOlB). 
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polar variation of excitability. ' By means of a Pohi’s com- 
mutator or .reverser, the, constant current can be maintained 
either **with’^ or “against’’ the, direction of transmission 
of excitatiom The transmission in the, former' case is. 



Fig. 45.— Oomplete apparatus for investigation of the variation of conduct 
ing power in ihlmom'. A, storage cell; S, potentiometer slide, which, hy alternate 
movement to right or left, continuously increases or decreases the applied 
E, M. F. ; E, switch key for putting current and “ off” without variation 

of resistance; Ej E', electrodes of induction coil for stimulation: C, choking coil; 
Gr, . micro-ammeter. : . . 
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dowii-hlli,” .and in .the. latter 'caBe Electrieal 

coMiiectioiis are so arranged . that .when, the cominatator Is 
tilteii to tiie right, the transmission 1,S- when tilted 
to the left, u|)-lillL 

The eieetricai' resistance- offered,- by ■ the SSiiiiin Itnigtii 
of stem and petiole will be from two, to three million ohms. 
The intensity of the eoiiscaiit. current .fiomdiig through t.he 
plant can lie reail by unplugging the key which short- 
circuits the inicro-aiaineter G. The choking ' coil 0 prevents 
the , alternating induction cirreat- from flowing into the 
polarising circuit and causing, direct, stlinniatton of the 
palvinns. 

Before describing the experimental results, it is as well 
to' enter briefly into the question of the ,exteriia.l i.iidicatlon 
by which -the conducting ■ power may be . gauged. Change 
of conductivity may be/ expected . to .give rise, to a variatioii 
in the rate of propagation or to a variation in th^» inagni- 
tude of 'the excitatory impulse, -that is transmitted. Thus 
Wirv have several methods . at 'Our disposal for determining 
the induced variuiiou of conductivity. .Iti the first ' place 
the variation of conrhicfivity may be measiiret'l by the in- 
diic.‘d change in the velocity 'of transmission of excitation. 
In the Bocond place, the transmitted eflk'ct of a sub-maximal 
stimulus will give rise to- enhanced or dimmishe:! amplitude 
of mechatiical response, " ' depending on the increase or 
decrease of coir.liictivity brought about by the directive 
action of the current. And, finally, the enhancement or 
depiTSslon of conductivity - may be demonstrated by the 
ineffectively transmitted stimulus becoming effective, or the 
effectively transmitted stimulus' becoming ineffective. 

of factor of Excitabilitij, — The object of 
the enquiry being the pure 'effect of variation of conduc- 
tivity, we have to assure ourselves that under the particular 
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conditions of the exiperlinent the complicating factor of 
polar variation of excitability is eliminated. It is to be 
remembered that excitatory transmission in 
place by means of a certain conducting strand of tissue 
which runs through the stem and the petiole. In the 

experiment to be described, the constant current enters by 
the tip of the petiole and leaves by the stem, ot vice trersd,, . 
the length of the intrapolar region being 95 mm. The 
point of application of stimulus on the petiole is 40 mm. 
from the electrode at the tip of the leaf. The responding 
pulvinus is also at the same distance from the electrode 
on the stem. The point of stimulation and region of re- 
sponse are thus at the relatively great distance of 40 mm, 
from either the anode or the cathode, and may therefore be 
regarded as situated in the indifferent region. This is 
found to be verified in actual experiments, 

EFFECTS OF DIRECTION OF CURRENT ON VELOCITY OF 
TRANSMISSION. 

A very convincing method of demonstrating the in- 
fluence of electric current on conductivity consists in the 
determination of changes induced in the velocity of trans- 
mission by the directive action of the current. £^or this 
purpose we have to find out the true time required by the 
excitation to travel through a given length of the con- 
ducting tissue (1) in the absence of the current, (2) ‘against’, 
and (3) ‘with’ the direction of the current. The true time 
is obtained by substracting the latent period of the pulvinus 
from the observed interval between the stimulus and re- 
sponse. Now the latent period may not remain constant, 
but undergo change under the action of the polarising 
current. It has been shown that the excitability of the 
pulvinus does not undergo any change when it is situated 
in the middle or indifferent region. The following results 
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show tliat iinler parallel eondition's the. late iit .per.lcHl ..also 
reiimiiis iinaliectel : — , 


.TJ.BLE, V.— SOiJWINfi I'HH EFFECT OK ELKGTRrO CUliEEXT OX 'fllB .LATENT 

.PEEIOP. 


Specimens,,.,,.,,...,,....,,,.. 

i f 

I. 1 

1 

' . !L 


: ! 
sec, ! 

■ sec.. 

Uateiit period nuclei* norsial coiidltion.,.,..... 

0*1.§ ! 

- o-os 

.. ,j „ ciirreiit; from right to left...,,..,.... 

. 0*!l ■ ^ 

0*10 -' 

current, from left to right 

■; .. ■ J 

0*00 


The results .of experiments with two different specimens 
given above show that a cii.rrent applied imder the .given 
comlitions has practically . no effect on t,he .latent period, 
the 'Siigliti variation being of the order of one-hnndredth ■■ 
part of a second. ^This is quite negligible when the total 
period observed for transmission is, ■ as ' in the following 
cases, equal to nearly 2 seconds..'. . 

Indtmed changes in 'the Vekiciig of Transmission . — ^Having 
found that the average value of the; latent period in siiin- 
iiier is 0*1 second, we next proceed to determine the in- 
fluence oC the direction of current -on velocity. 

Experiment 4L — As a rule, stimulus' of induction shock was 
applied in this and in the following, experiments on the petiole 
at a distance of 15 mm. from the' responding pulvinus. The 
recording writer was tuned to' 10 ' vibrations per second; the 
space between two succeeding- dots, therefore, represents a 
time-interval of 0*1 second. The ' middle record, N in Fig. 46, 
is the normal. Thera are 17 '.spaces between the application 
ot stimulus and the beginning ..of.- response. The total time 
is therefore 1*7 seconds, and- :-by .subtracting fro^^ it the latent 
period of 0*1 second we obtain the true time, 1*6 seconds. 
The normal velocity Is found by dividing the distance 15 
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mm. by the true interval 1*6 seconds. Thus V = 15/1*6*= 
9*4 mm. per second. We shall next consider the effect of 
current in modifying the normal velocity. The uppermost 
record (1) in Fig. 46 was taken under the action of an 


1 

2 N 

3 


Fig. 4(). -Record showing enhancement of velocity of transmission “up-hill ’ or 
against the current (uppermost curve! and retardation of velocity down-hili ” or 
with the current (lowest curve). N, normal record in the absence of current 
indicates “ up-hill” and ^ “down-hill” transmission. 

‘ up-hill,’ or ‘ against ’ current of the intensity of 1*4 micro- 
amperes. It will be seen that the time interval is reduced 
from 1*7 seconds to 1*4 seconds ; making allowance for ihe 
latent period, the velocity of transmission under ‘ up-hiir 
current =15/1*3 = 1T5 mm. per second. In the lowest 
record (3) we note the effect of * down-hill ’ current, the 
time-interval between stimulus and response being prolonged 
to 1*95 seconds and the velocity reduced 'to 8*1 mm. per 
second. The conclusion arrived at from this mechanical 
mode of investigation is thus identical with that derived 
from the electric method of conductivity balance referred 
to." previously.;. 
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Thai is say, the passage . gf a feehle vneemJ iamli- 
li^‘s tt^ulNeliialp Jhr emilmwn 'in a seleelire mfiaaee. f7oii- 
(iafiiViiii is ejihaamd ligmmU and allininmiied wiili, Unr 
lilferii/m of ihe current. 

The rniaiiniiiB eai?n‘frit iBdiiCes a |)r*ree|)ti!de chaiie:** 

of coniiuctivity varies somewhat . i.a dlfforent Bpeciiiieiis. 
The average value of this 'minimal eurreiit i!i autumn Is 
1*4 Mlcpoam|)iU*eB. The effect of even a feelder current 
may be detected by ^ employing' a; test stliiuilus whicli is. 
barely effective. 


TABLE VI. — SHOWUsU EFFECTS OF TP-BILL AKD .I>0WK-H1LL , CI’BEEISITS O.'F 
'FEEBIJ?: INTESSITV 0^^ PElilOO OF TRANSMISSIOK THROUGH , lf> BIM. 


’'Kiimbv!'. 

Iiitens^ity nf ram'iit in 
mierori!npPn?s. 

Peri<xl fo'r lipUiill 

. 

Period ft)r do wn-hlli ' 1 
tranBmlssloiL ,„ . | 

1 ■ 

1-4 

■M teniiig of n second 

ir» reitOjs of ti second T 

'2 ' 

1'4 i 

n . 

i T, ' « 

i 

1 li'I 

w ■ ■ 

! Arrest. 'i 

4 

r VI . j 


} 14 tenths *>f n second. . 

1 ' 


Having deinonstrated tlu^ effect of direction of current 
on the velocity of tnuiBiiiission, I shall next describe other 
methods by which Induced variations .of. conductivity 'inay 
be .exMbitcHl, 


DETBBMIKATION OF VABIATIO.K : OF. .CONDUCTIVITY BY ' 
METHOD OF MIKIMA,D 'BTIMUDUS AND BESPONSE. 

In this method we employ a . minimal stimulus, the 
transmitted effect of which.,: under . '.normal conditions gives 
rise to a feeble response. If the passage of a , current 
In a given direction enhances conductivity, then the 
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intensity , of transmitted excitation w also be enhanced ; 
the minimal response will tend to become maximal. 
Or excitation wdiich had hitherto been inetfectively trans- 
mitted will now become effectively transmitted. Con- 
veraeiy, depression of. conductivity will result in a' diininn*' ^ 
tioii or abolition of response. We may use a single 
break-shock of salfieient intensity as the test stimulus. It is, 
however, better to employ the additive effect of a definite 
number of feeble make-and-break shocks. ' 

We may again employ additive effect of a definite 
number of induction shocks, the alternating elements of 
which are exactly equal and opposite. This is secured 
by causing rapid reversals of the primary current by 
means of a rotating commutator. The successive induction 
shocks of the secondary coil can thus be rendered exactly 
equal and opposite. 

Experiment 4^, — Working in this way, it is found that 
the transmitted excitation against the direction of current 
becomes effective or enhanced under ‘up-hill’ current. A 
current, flowing with the direction of transmission, on the 
other hand, diminishes the intensity of transmitted excitation 
or blocks it altogether. 

Henceforth it would be convenient to distinguish currents 
in the two directions ; the current in the^ direction of trans- 
mission will be distinguished as IIoniodro?7i(ms, and against 
the direction of transmission as 

AFTER-EFFECTS OF HOMODROMOUS AND HETERODROMOUS 

CURRENTS. 

The passage of a current through a conducting tissue in 
a given direction causes, as we have seen, an enhanced 
conductivity in an opposite direction. We may suppose this 
to be brought about by a particular molecular arrangement 
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il'iiliicoil by I lie current, which asdsted the propagation . of 
the excitatory ilistiirbaiiee in a selected clirection. On the 
cessation of this iiitliicing force, there may l)e a rebound 
and a temporary reversal of prevlons molecniiar arrange** 
meat, with concorniranit reversal of the coridnctivity varia** 
tion, Tlie immediate after-effect of a current flowing in a 
particular direction on conductivity is likely to be a tran- 
sient change, the sign of which would be opposite to that 
of the direct effect* The after-effect of a , heterodromoiis 
current inay thus be '.a temporary depression, that of a 
houiociromoiis current, a temporary enhancement of con- 
ductivity. . 



t’ro. 47. — Direct and after-effect of heterodroinoufs and homodromon» currents. 
First tw<') records, N, N, iiorraai* etibanced transmission under heterodro- 
mous current; arre=t of eonclaciioii as an after-effect of beterodroraous 
current. Next record j' shows arrest under homodromous current. Last 
record shows enhancement of conduction greater than normal, as an after- 
effect of iioniodroinoiis current. (Dotted arrow* indicates the after-effect on 
ces.sation of a given currcut. | homodromous ami heterodromoiis current). 

Experiment 4S , — This • inference will be found fully 
jnsiifiv.d in the following experiment : — The first two re- 
Bponses are normal, after which the heterodromoiis current 
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gave rise to an enhanced' response. The depressing after- 
effect of a heterodromous current rendered the next re- 
sponse ineffective.* The following record taken during the 
passage of the homodromous current exhibited an abolition 
of response due to induced depression of conductivity. 
Finally, the after-effect of the homodromous current is seen 
to be a response larger than the normal (Fig. 47). These 
experiments show that the after-effect of cessation of a 
current in a given direction is a transient conductivity 
variation, of which the sign is opposite to that induced by 
the continuation of the current. ■ 

PART II— INFLUENCE OP DIRECTION OF ELECTRIC CURRENT 

ON CONDUCTION OP EXCITATION IN ANIMAL NERVE. 

I shall now take up the question whether an electric 
current induced any selective variation of conductivity in 
the animal, nerve, similar to that induced in the conduct- 
ing tissue of the plant. 

THE METHOD OP EXPERIMENT. 

In the experiments which I am about to describe, 
arrangements were specially made so that (1) the excita- 
tion had not to traverse the polar region, and (2) the 
point of stimulation was at a relatively great distance 
from either pole. The fulfilment of the latter condition 
ensured the point of stimulation being placed at the 
neutral region. 

In the choice of experimental specimens I was fortu- 
nate enough to secure frogs of unusually large size, locally 
known as ‘‘ golden frogs ” {Rana %'rwa). A preparation 
was made of the spine, the attached n^ve, the muscle 
and the tendon. The electrodes for constant current were 
applied at the extreme ends, on the spine and on the 
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tendon (Fip. IS). The following are the measurements, in 
a typical ease, of the difl’erent parts of the preparation. 



Fiu, 4ft— Expenisiftnial arrangement .for- study of variation of coiidr.ct irity of 
nerve by ibe directive action of an electric -'Current, n nerve? Sj point of 
application of Htimiilns in the middle or 'indifferent region. , 

Length of spine between 'the'; -.electrode and the nerve 
=s40 mm.; length of ner¥e=:90 'mna. ; length of imiscle= 
50 nam. ; length of tendon ==; 30 mm. Stimulus is applied 
in all cases on the nerve,- inidwaj’ between the two elec- 
trodes this .point being-, at- 'a' - minimum tiisfeance of 100 mm. 
from either electrode. The point '/of stiiniilation is, there- 
fore, situated at an indifferent: /-'"region. 

Great precautions have to be taken to guard against 
the leakage of current The general arrangement for the 
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experiment on animal nerve is similar to that employed 
for the corresponding investigations on the plant. The 
choking coil is used to prevent the stimulating induction 
current from getting round the circuit of constant current. 
The specimen is held on an ebonite support, and every 
part of the apparatus insulated with the utmost care. 

VARIATION OF VBiiOCITY OF TRANSMISSION. 

In the case of the conducting tissue of the plant a 
very striking proof of the influence of the direction of cur- 
rent on conductivity was afforded by the induced varia- 
tion of velocity of transmission. Equally striking is the 
result which I have obtained with the nerve of the frog. 

Experiment 44.— The experiments described below were 
carried out during the cold weather. The following re- 
cords (Fig. 49), obtained by means of the pendulum myo- 
graph, exhibit the effect of the direction of current on 



Fie. 49— Effect of heterodromous and homodromous current in inducing variation 
in velocity of transmission through nerve. N, normal record; upper record shows 
enhancement, and lower record retardation of velocity of transmission under 
heterodromous and homodromons current?, respectively. 

the period of transmission through a given length of nerve. 
The latent period of muscle being constant, the variations 
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ii) till* rocnr^is t^xhibit ehaiigetl rates of coiiduetion* The 
middle record is the normal, in the absence of any current 
The upper record, denoted by the left-hand arrow, shows 
file acrfoii oC a lieteroilromoas ciirrent in shortening the 
period of irainsinission 'and thus enhancing the velocity 
above die riofiiial rate. The lower recorti, denoted Ijy 
the right“liaiirl. arrow, exIiiliUs the effect of a hoinodrom- 
oiis ciirreiit in retarding the .velocity below the normal 
rate. I find .that a very feeble heterodromons current is 
eiimigli to induce a considerable increase of velocity, which 
soon reaches a limit. For inducing retardation of velocity, .a 
relativeiy strong lioinodromcnivS current is necessary.. L give 
lailow a table showing the results of 'several experiments. 


TABLE V.— EFFErr uV ilETEEODttOMrHLS AND llOMODROXOUS CUaKEKT OF 
FEEBLE IVrEMSiTV OK VEL<MaTV OF TRAKSMI.SSIOK. 


speci- 

men. 

: " ' ■ :.. : 

iiJt.ei'iHiiy <»f 
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TAEIATION OF INTENSITY 'OF: TBANSMITTEO EXCITATION 
UNBEE HETBRODEOMOUS AND HOMODROMOUS CUEEBNTB. 

In the next method of investigation, the induced varia- 
tion of intensity of transmitted excitation is inferred from 
the varying amplitude of response of the terminal muscle. 
Testing stimulus of sub-maximal intensity is applied at the 
middle of the nerve, where the .constant current induces no 
variation of excitability. Stimulation is effected either., by 
single break-shock or by the;.summated effects of a definite 
number of equi-alternatlng shocks, or by chemical stimulation 
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, : Experiments 45. — Under the action of: feeble, lieterodrom- 
ons ciirmit fche transmitted excitation was always enhanc- 
ed, whatever be the form of stimnlation. This is seen 
illiistrated ill Fig, 50. Homodromons current on the other 
hand inhibited or blocked excitation (Fig. 51). 



4 . + 


B’ra. 50. — Ineffectively transmitted salt-tetanus becoming effective under hetero- 
dromons current, denoted by down-pointing arrow. 

G(mipUcaUon dm to variahon of Excitabilitty of Muscle,— 
In experiments with the plant, there was the unusual 
advantage in having both the point of stimulation and the 
respoinling motile organ in the middle or indifferent region* 
Unfortunately this ideally perfect condition cannot be 
secured in experiments with the nerve-and-muscle prepara- 
tion of the frog. It is true that the point of stimulation 
in this case is chosen to lie on the nerve at the middle 
or indifferent region. But the responding muscle is at 
one end, not very distant from the electrode applied on 
the tendon. It is, therefore, necessary to find out by 
separate experiments any variation of excitability that 
might be induced in the mnscle by the proximity of either 
the anode or the cathode, and make allowance for such 
variation in interpreting the results obtained from investi- 
gations on variation of conductivity. 
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III tlr.^ i\K|)eiiiiie!iOi! Jirrangenr.:mt eniployeil, the hotro- 
droinoii'^ eiiri'eiit m obtained- ' by nuiking the electrode on 
the spine cathode and that . .on - the tendon anoile* The 
depressing iiillinniee of the 'anode . in this case may he 
expected to lower, to a certain ex ten h the norniai excita- 
bility of the responding muscle. Conversely, with homo-* 
dromons current, the tendon is made the oatlioi'le and under 
its inflneiiec the muscle might have its excitability lalsed 
al)o%T the normal. These anticipations are fully supported 
by results of experiments. Siib-ina'ximal stimulus of eqiii- 
alteniating induction shock . was ' directly applied to the 
miiscie and records taken of (i) response under nor anal condi- 
tion without any current, (a?) response under heterodromous 
current, the tendon being the anode, and t/j) response 
under hcunodromous current, the tendon ])eing now made 
the cathode. It was thus found that under heterodromous 
current the excitability of the. muscle was depressad, and 
under homodromouB current the excitability was enhanced. 

The effect of current on response to diiect slim illation 
is thus opposite, to that on response to transmitted excita- 
tion, as will 1)0 seen in the following Table. 


TAIJbB VIIO— INB5UTENCB OF iJiRECTlO-X: OF CURRENT ON IHRKCT AND 
1 KANSMITTE!) EFFECTS OF STIM0LATIt)N. 


1 Direct k)ii of ciirrefU. 

1 ■ TransuOtted excitation. 

Direct stimulation 

' ■ i 

ileterorlroninup current 

i- Enhanced response ' 

; I depressed response 

|Homo4romous: current 

■ Depressed 'response' -.... j 

Enhanced response. ; 


The passage of a current,-, therefore, induces opposing 
effects on the conductivity of the^- nerve and the excitabil- 
ity of the muscle, the resuiting ■ respionse being due to 
their ditfereiitial actions. Under, heterodromous current a 
more intense excitation is transmitted along the nerve, on 
account of induced enhancement of conductivity. But this 
intense excitation finds the responding muscle in a state 
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AE^TBR-KFFBCTB OF HFTBRODROMOUS AND HOMODROMOUB 

GOREENTS. 

On the cessation ot a current there is induced in the 
piaiit-tissue a transient conductivity change of opposite 
sign to that induced by the direct current (<?/. Expt. 43). 
The same I find to be the case as regards the after-effect 
of current on conductivity change in animal nerve. Of 
this I only give a typical experiment of the direct and 
after- effect of homodromous current on salt-tetanus, 

ExpBrimsnt In this experiment sufficient length of 
time was allowed to elapse after the application of the salt 


Fui. 51 .— Direct and aEter-effect of homodromous current. Transmitted ex- 
citation (mit-tetanusT,) arrested under homodromous current denoted by up-point- 
ing arrow*, on cessation of current represented by dotted line there is a tran- 
sient enhancement above tne normal. 
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of depressed exci tain lity., . In .spite ■, of this; the resulting 
response is. enhanced (Fig,; 50). The enhancement ' of con- 
duction under .heterodromous current is, in T.eaiity, much 
greater than is indicated in tlie ■ record. Similarly, under 
homodromcms current', the depression of conduction' .in the 
nerve may be so' great as to cause ' even -an abolition of 
response, in spite of the enhanced excitability of the 
muscle (Fig. 51). The actual effects of current on conduc- 
tivity are, thus, far in excess of what are indicated in the 
records. 


I; 

( 


f 


i 
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on the iierve^ that the muscle,, in response to the trails-; 
nilitetl excitation, ex„liibited an incomplete tetanus T„ The 
lioinrHlroiTioiis eiirreiit was next applied, with the result of 
iiitliicirig a complete block of ' coiitliiction, with the 
coiicoiiiltaiit iIJsappearaiice of - -tetanus* The hoinodromoiis 
current was gniilually reduced to zero by tlie appropriate 
iiioveaieiit of the pote.utiometer - slide. The after-effect of 
hoiiiodroiiious current is.no'W seen in t.he transient en.haiice- 
me,iit of transmitted excitation, which lasted for nearly 
40^ seconds* After this the normal condiictiYity was restored. 
Repetition of the experiment gave similar results (Fig. 51). 

The results that lia-ve been given are , oii.ly typical of 
a very large number, wiiich invariably supported the 
characteristic phenomena that have been describeib 

It wi,II thus be seen that with feeble or moderate 
ciirrcuit, .conductivity is enhanced against the direction, 
of' the ciirreut and depresse.d or blocked with the ilirection 
of the current, TJmler strong current the normal effect is 
liable to undergo a reversal. 

It has thus been Bhow.n that -a .perfect parallelism exists 
in the conductivdiy variatio.n induced in. the plant .and in 
the animal by the directive, action of the current. No 
explanation could be regarded- .. as satisfactory which is not 
applicable to both cases. ■. Now.. ' with the plant we , are. 
able to arrange the experimental ' condition in such a way. 
that the factor of variation.: mf ■ excitability is completely 
eliminated. The various effects.-, described about the plant- 
tissue are, therefore, due^ entirely to variation of conduc- 
tivity* The parallel phenomena observed in the case of 
transmission of excitation’ in -the \ animal nerve must, there- 
fore, be clue to the induced . change of conductivity. 

The action of an electrical' .current in inducing varia- 
tion of conductivity may '.be -.enunciated under the following 
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laws, which are equally applicable to the conducting 
issue of the plant and the nerve of the animal : — 

LAWS OP VARIATION OP NERVOUS CONDUCTION UNDER 
THE ACTION OP ELECTRIC CURRENTS. 

1. Tub passagb of a current induces a variation of oonducti- 

¥ITY, THE EFFECT DEPEJ^HINa ON THE DIKEGTION AND INTENSITY 
OF CIJRBENT, 

2. Under feeble intensity, heteeodromous current enhances, and 

HOMODROMODS CURRENT DEPRESSES, THE CONDUCTION OF EXCITA- 
TION. 

3. The after-effect of a feeble ccfrbent is, a transient conduc- 

tivity VARIATION, THE SIGN OF WHICH IS OPPOSITE THAT 
INDUCED DURING THE CONTINUATION OF CURRENT. 

SUMMARY. 

The Yariatioii of conductivity induced by the directive 
action of current has been investigated by two different 
methods : — 

(1) The method in which the normal speed and its 

induced variation are automatically recorded ; 

(2) That in which the variation in the mtensity of 

transmitted excitations is gauged by the varying 
ainplitudes of resulting responses. 

The great difficulty arising from leakage of the excit- 
ing induction current into the polarising circuit was 
successfully overcome by the interposition of a clioking 
eolL 

The following summarises the effects of direction and 
intensity of an electric current, on transmission of excit- 
ation through the J^conduoting tissue of the plant. 

The velocity of ' transmission ■ is eohanced against ; the 
direction of a feeble current^; .and. retarded in the 
of the current. ^ , ■ 
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lieterodronioiiB current . enhances coiuiiieii vity, 
lioiiiodroinoiiB current, on. the other tfeprcBSes it. 

hiv irt^i * r i \nl y transmitted excitation becmnes e ft t‘Ct i vel y 
iraBSiiiitted under heterodronioiis current. Ell'eetivtdy trans- 
iiiiiteti exciiatioii, on the other ■ hand, becomes inelTectively 
iraiismiited umler the action of homodroinocs current. 

. Tii€^ after-ellVct of a c-uiTeiit is ■ a tiaiiisieind ccnidiicAivity 
change, tlie sign of which is opposite to that indiieecl 
tl tiring the ]aissage of current. The after-effect of a hetero- 
dromoTis current is, thus, a transient depression, that of 
liomodronions cnrreiife, a transient enhaiiceiiient of conduct- 
ivity. 

The characteristic variations of conductivity induced in 
animal nerve by the direction and intensity of current are 
in every wny similar to those induced in the conducting 
tissue of the plant. 

These various effects are demonstratetl by the employ- 
ment of not one, but various kinds of testing stiiniiliis, 
sucli as tlie excitation caused (1) liy a, single break- 
induction shock or (2) by a series of eqiu-alt3riiatl.ug 
fetaiiisiug shocks or ()3) oy chemical stimulation. 



V^Ill.-]':i'’FEGT OF INDIRECT STIMULUS ON PULYI- 
HATED ORGANS 


By 

Sir J, C- Bobe, 

Assisted hy 

Cturuprasanna Dab, l.m.s. 

The ieaf of Mimosa pudica undergoes an almost 
instantaneous tali when the sfeimulus is applied directly on 
tlie pnlvinus which is the responding organ. The latent 
period, the interval between the application of stimulus 
and the resulting response is about 0*1 second. Indirect 
stimulus, application of stimulus at a distance from the 
piilvinius, also causes a fall of the leaf; but a longer 
interval will elapse betw^een the incidence of stimulus and 
the response ; for it will take a definite time for the 
excitation to be conducted through the intervening tissue. 
I have already shown that this conduction of excitation 
in plant is analogous to the transmission of nervous 
impulse in animal. 

The power of conduction varies widely in different 
plants. In the petiole ot Mimosa pudka the velocity may 
be as high as 30 mm. per second. In the stem the 
velocity is considerably less, t.e,, about 6 nim, per 
second in the longitudinal direction ; but conduction across 
the stem is a very miicli slower process. In the petiole of 


136 


lilfl MOTBMKKTS IK PliAKTS 


Aiyu^rhfm l:lie lorigitridiual velocity of tlie ■order of. 1 ,111111, 
per second, 

DUAIi; GHAIIACTEE OP THE 'TRAKSMITTEO .IMPUESE, 

Tlie reeord of the transmitted effect of stimulus is found 
to exhibit a remarkable preliminary variation. This was 
delected by my delicate recorders, wliicli gave magnifica- 
tions from fifty to .hundred times. I shall give a detailed 
account of a typical experiment carried out with A'mrrhom 
cm'mnhaia^ which will bring out clearly the characteristic 
effects of Indirect Stiiiinins* 

Esperimenl -si?.— Stimulus'* of electric shock applied at a 
point on the long petiole of Averrhoa causes successive' fall 
of pairs' of lfeafl.ets. In, the experiment to be de.scribed one 



Fm. 5i2 .—Effect of indirect Stimnlvs ou leaflet of -lr€rr/<oa carambola. Stimii- 
lus was applied at the short vertical line. Successive dots at intervale of 
one second. "Bote th^ pmUiw response preceding the negative^ 
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of ,tlie leaflets of, the plant was attached to , the , recorder, 
Stmiiiliis was applied at a distance of 50 mm, ' The. success- 
ive dots in the record are at intervals of a second. It 
will be noticed that two distinct impulses — -a ■ positive and 
a 7ieffatdm—\YeTe generated by the action of Indirect Sti- 
iiinliis. The positive impulse reached the responding organ 
after 1*5 second and caused an erectile movement, The^ 
velocity of the positive impulse in the present case is 33 
mm, per second. The normal excitatory negative impulse 
reached the motile organ 44 seconds after the application 
of stimulus, and caused a very rapid fall of the leaflet, the 
fall being far more pronounced than the positive movement 
of erection (Fig, 52). In this and in all subsequent records, 
the positive and negative responses offer a great contrast* 
The movement in response to positive reaction is slow, 
whereas that due to negative reaction is very abrupt, almost 
* explosive,’ the successive dots being now very wide apart. 
As regards the velocity of impulse the relaiion is reversed, 
the positive being the quicker of the two. In the 
present case, the velocity of the excitatory negative impulse 
is IT mm. per second, as against 33 mm. of the positive 
impulse. 

The negative impulse is due to the comparatively slow 
propagation of the excitatory protoplasmic change, which 
brings about a diminution of turgor in the pulvinus and 
fail of the responding leaflet. The erectile movement of 
the leaflet fly the positive impulse must be due to an 
increase of turgor, brought on evidently, by the forcing 
in of water. This presupposes a forcing out of water some- 
where else, probably at the point of application of stimulus. 
Il may be supposed that an active contraction occurred 
in piant'Cells under direct stimulus, in consequence of 
which water wms forced out giving rise to a hydraulic 
wave. On this supposition the positive impulse is to be 
regarded as hydro-mechanical. I have, however, not yet 
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aJile to ile¥ise.a direec experimental test: to salt le the, 
i|uesiJO!i. 

EFFECT OF DIBTAXCE OF APPWOATIOK OP BTIMUErS. 

in tlie iusr experiment the stimuIiiB was applied at the 
liKHlerate dlsfaiice of oO" mrm .Let ns now caaisider the 
respeiitive eflects, first, of -an. ioerease, ami secimd, of a 
decrease ol' the intervening distance. In a tissue whose 
coiidneting power is nor great, the excdtatorj iriipiilse is 
weakened, even to extinction in transmission through a long 
distance. Thus the negative impulse maj fail to .reach 
the respoiiiling organ, -when the stimnlns is feeble or the 
intervening tiistance long or semi-conducdng. Hence, .under 
the above conditions, stimnlns ' applied, at a distance '-will 
give rise on!}’* to a ' positive 'response. 

A retliicnirni of, the intervening distance will give, rise 
to a diffcrout result. As the negative response is the more 
intense of tlie twt>, the feeble positive will lie masked ■ hj 
the snperptxsed negative. The separate exhibition of the two 
responses is only possible by a sufficient .lag of the negative 
Impulse In-diiin'l the positive. This lag increases with 
increase of length of trnnsmisBion and decreases with the 
tliminutlon of the length. Hence ' the application of stimu- 
his near the responding organ will give rise only to a 
negative response, in spite of the ; presence of the positive, 
which becomes masked by the predominant negative.* 

These inferences have been fully borne out by results ,of 
experiments carried out with various specimens of plants 
under the action of diverse forms ■. of ' .stImulL . In . all cases,, 
application of stimulus at a distance .causes a pure positive 
response; moderate reduction of' 'the distance inchices a 
diphusie response — a positive followed 'by a negative; further 

* tY. Bush — ‘‘P hmfc Responae/* p. f)Sr>; ^‘Comparative Eleetru-FbyvSioIogyY p. 

; “Irritability iif Plaota,” p, 100. 
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ilimfiiiitloii of distance gives rise to' a''; resultant .negative 
response, the .positive being masked by . tbe^ predominant 
negative.. ■ ■ ^ 

From what has been said, it will be^ miders.tood .' that 
the exhibition of ■ positive ■ response is favoured hy the con- 
ditions, that the transmitting tissue should be semi-coiiduct- 
iiig, and the stimulus feeble. It is thus easier to ex- 
liibii the positive effect with the feebly conducting petiole 
of Averrhoa than with the better conducting petiole of 
Mintosct^* It is, however, possible to obtain positive response 
in the Mimosa by application of indirect stimulus to the 
stem in which conduction is less rapid than in the petioles. 


TABLE IX. — PEBiODS OF TRANSMISSION OF rOSI'IlVE AND NEGATIVE 
IMPULSES IN THE PETIOLE OF AVEURSOA AND STEM OF 


No. 

i 

o . i 

Specimen, j 

Distance in 
mm. 

Stimulus, 

Transmission 
period for 
pOvsitive 
impulse. 

Transmission 
period for 
negative 
impulse. 

.' 1 

.4i7«rr4o« ... 

70 

Thermal ... 

22 secs. 

65 secs. 

% 
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40 „ 

95 „ 

a 

' 7? »•* i 

10 

Induction -shock 

JJ 

20 „ 

! 4 


20 

55 

l-l » 


1 


35 

Ohemleal 

. ,21 , „ 

50 „ 

I 6 

jhimoM .... , 

l''' ■ " 

Induction-shock 

0-5 „ 

12 „ ' 

1 !■ . 

; Iff ' ••• 

i 10 ^ 

}, ... 

0-6 „ 

9-4 „ 

8 


| . . 20 

}} ' 

■ LI » 

10 „ 

0 


I 60 

5, 

9 

29 „ 

10 

: ' J, . ■ ... '■ 

j . '35 

Chemical , 

5 „ 

■ 17 , „ 


EFFECTB OF DIEECT Alfl) INDIBECT STIMULUS. 

From the results given in course of the Paper we are 
able to formulate the following laws about the effects of 
Direct aud Indirect Stimulus on pulvinated organs 

1. Effect of all fobms of Direct stimulus is a diminution of 

TURGOR, A CONTRACTION AND A NEGATIVE MECHANICAL 
RESPONSE. 

2. Effect of Indirect stimulus is an increase op turgor, an 

EXPANSION AND A POSITIVE MECHANICAL RESPONSE. 
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3 , PaOLONfiEP application of INMEECT' STLMl'Lim OF MOPLEATE IN- 

TENSITY CITES RISE TO A BXPHASICj POSITIVE MECIIAMCAL 
RESPONSE FOLLOWED BY THE KEGATiYE, 

4 . If the IXTEliVENiNG TISSUE BE Hli'rHLY CONDlLmNa, I’llE TRANS- 

MITTED POSITIVE EFFECT BECOMES' MASK El HI V THE PREDOMIX- 
ANT NEOATIVIL 

Tlie laws of Effects of Direct amcl Indirect stiiiiiiliis 
lioM good, 110 1,, iiierely In the case of BeiisltiA?-e plants, but 
uni'versally for all plants. This aspect of the subject iviil 
be treated in fuller detail in later Papers of this series. ' 



IX.—MODIFYING INFLUENCE OF TONIC CONDI- 
TION ON RESPONSE 


By 

SlE J. 0. BOBM 
Assisted by 
Gueuprasaota Das. 

In experiments witli different pulvinated organs, great 
difference is noticed as regards their excitability. If elec- 
tric shock of increasing intensity from a secondary coil 
be passed through the pulvini of Mimosa, Neptunia, and 
Erythrma arranged in series, it would be found that 
Mimosa would be the first to respond ; a nearer approach 
of the secondary coil to the primary would be necessary 
for Neptimia to show sign of excitation. Erythrina would 
require a far greater intensity of electric shock to induce 
excitatory moTement. Organs of difierent plants may thus 
be arranged, according to their excitability, in a vertical 
series, the one at the top being the most excitable. The 
specific excitability of a given organ is different in different 
species. . 

In addition to this characteristic diftereDce, an identical 
organ may, on account of favourable or unfavourable 
conditions, exhibit wide variation in excitability. Thus 
under fa vo arable conditions of light, warmth and other 
factors, the excitability of an organ is greatly enhanced. 
In ' the; ' absence ■ of these ■ favourable tonic conditions the 
excitability is depressed or even abolished. 1 shall, for 
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eoii'vetiieiice, the. d-iffereiit ; tonic coiidiiioiiB of 

the plniit Hnema!, hifper-tnnie End $ttb-foau\ In tlie first 
case, stiiuiihis of moderate intensity will imiiice excitation : 
III the second, the excitabilit}’ being exceptionally high, 
very feelile suinnius wi.ll be found tO; -preedpitate excitatory 
reaction, lint a i.:i.ssae in a: 8uh4ome condition will ncjiiire 
a . eery strong stiiiiiil.iis to bring about excitation. The 
excitability of an orga.n is thus determined by two factors : 
the speciiic excitability, and the tonic condition of the 
tissue. 

THEOEY O.P .ASSIMILATION- AND DISSIMILATION. 

A muscle contracts under stimulus ; this is assumed to 
be due to some explosive chemical change wliicli leaves 
the tissue in a condition less capable of functioning,' , or 
ih:i a conditio'!'! below par. Herring designates this, as a 
process of dlsHiaiiiaikni, The ■ e.xeitabiiity of tlie ni'iiscle is 
restored afeer suitable, pe.riods .of rest, by the opposite 
metaliolic cduingt* of cissimikiUon, Assimilatiim and Dis- 
similation m'ust be conceived as two closely in.terwove.n pro- 
cesses, which, constitute’ the metabolism ('unknow'n to ub 
ill iis intrinsic nature) of 'the li'vi.ag substance. Excitabi- 
lity f'liniiiiishes in proportion with the duration of D-stiniii- 
lus, or, as It Is usually exp.resBed,, the substance Jalitpies 
itself. It .is, perfectly .intelligible that a progressive fatigue 
and decrement of the 'magnitude -of ■ contraction must, ensue. 
The only point that is dilEcult to elucidate is the initial 
staircase increment of the 'twitches, more especially in 
exci cd, bloodless muscle, which .seems • in direct contradic- 
tion with the previous theoryT”*^ 

With reference to Herring’s theory given above, Bayliss 
ill his “ Principles of Genei^al -Physiology” (1915), page 577 

* Biedehmaxn— E lectro-Physiology (English Trandaiioii), Yol 1, pp. 83, 84, 
§5 Macmillau & Go. 
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says, III the phenomenon of ' metabolism, two processes 
must be distinguished, the' building "tip of a complex system 
or substance of high potential energy, ‘ anabolism,’ and the 
breaking down of such a system ‘catabolism/ giving off 
energy in other forms. The tendency of 'much recent 
work, however, is to throw doubt on the universality of 
this opposition of anabolism and catabolism as explana- 
tory of physiological activity in general.” 

The results obtained with the response of plants to stinm- 
lus may perlians throw some light on the obscurities 
that surround the subject. They show that the two pro- 
cesses may be present simultaneously, and that the ‘down’ 
change induced by stimulus may, in certain instances, be 
more than compensated by the ‘ up ’ change.’^ I shall, for 
convenience, designate the physico-ehernical modification, as- 
sociated with the excitatory negative mechanical and elec- 
trical response of plants, as the “D” change; this is attend- 
ed by run down of energy. The positive mechanical and 
electrical response must therefore connote opposite physico- 
chemical change, with increase of potential energy. This I 
shall designate as the “ A ” change, which by increasing the 
latent energy, enhances the functional activity of the tissue. 
That stimulus may give rise simultaneously to both A., and 
D, effects, finds strong support in the dual reactions ex- 
hibited in plant-response. Under indirect stimulus, the two 
responses are seen separately, the more inteaise negative 
following the feeble positive. When by the reduction of 
the intervening distance, stimulus is made direct, the result- 
ant response, as previously stated, is negative ; and this is 
due not to the total absence of the positive but to its 
bemg masked by the predominant negative. Let us next 

In the re«?ponse of inorgar4ic matteiv I have obtained records of positive, 
diphasic and negative responses. It would perliapc; be advisable to refer the 
‘A ’and effects, to physico-chemical change. The simultaneous double reaction, 
combination and decomposition, is of frequent occurrence in many chemical 
changes. 
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consider the question, of immasking this positive element 
ill the resultant negative response. 

tJKMASKI^^G OF THE POSITIVE EFFECT* 

Under fa¥Oiipal)le coiiclitions of' the eiivironmeiit, the ex- 
citability of the organs is at its maxlmiim, A given 
sfciiiiuiiis will bring about an intense exeitation^ ant! the 
clown* D-cliange will therefore be %^ery miicli greater than 
the A-change. Let ns now consider the case at the opposite 
extreme where, owing to nnfavoarabie condition, the excita- 
bility Is at its lowest. Under stimnlns the excitatory D- 
change will now be relatively" feeble compared to the A- 
change, by which the potential energy of the system becomes 
inoreasecL In such a case successive stimuli will increase the 
functional activity of the tissue, and bring about staircase 
response. Biedermann mentions the staircase response of 
exciml bloodless muscle as offering difficulty of explanation. 
It is obvious that the physiological condition of the excised 
muscle must have fallen below par. The staircase response 
in . such a tissue is thus explained from considerations that 
have just . been adduced. 

The results obtained with Mimosa not only corroborate 
them, but add incontestable proof of the simultaneous exis- 
tc-iiice of both A and i) changes. The physiological condition 
of a plant, Jlimosa for example, is. greatly modified 'by the 
fa'V0iiral')Ie or 'unfavourable condition of the, environineiit. In 
a hyper-tonic condition its excitability .becomes, very great; 
in this condi,timi the plant responds to its' ,, .maximum even 
under very .feeble stimulus. Here the D-change is relatively 
great, and successive responses .are. apt , ' to show sign of 
fatigue. 

But the plant , in ■ a .sub'-toniC' condition, will exhibit 
feeble or no excitation. .The. D-change. will. be absent 
while the A-chaiige will take' place under the.' , action of 
stimulus. This, by increas'ing' 'the., "potential . energy, will 
enhance the functional activity of .the tissue. 
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Staircase response in Mimosa: Experiment . 48.— 

theoretical considerations will: he 



found, experimentally Terified in the 
record obtained with a specimen of 
Mimosa in a sub-tonic condition 
(Fig. 53). Owing to the lack of 
favourable * tone * the leaf was relax- 
ing as seen in the first part of the 
curve. The stimulus of electric 
shock, applied at the thick doti in 
the curve slanting downwards, gave 
no response but raised the tone of 
the tissue by arresting the growing 
relaxation. Subsequent stimuli gave 
rise to staircase responses. Stimulus 


Fio. 53.— Record showing 
the effect of stimulus modify- 
ing tonicity and producing 
staircase effect. {Mimom.) 


has, through the A-efi!ect, raised the 
functional activity of the tissue to 
a maximum. 


AETIFICIAL DEPRESSION OF TONIC CONDITION AND 


MODIFICATION OF RESPONSE. 


It has been shown that while favourable tonic condi- 


tion has the efi'ect of raising the excitability and enhancing 
the negative response with the associated D*change, a con- 
dition of siib-toiiicity, on the other hand, induces depression 
of excitability, a diminution of negative response and of the 
attendant D-change. In this condition the positive element 
ill the response with the A-change will come into greater 
prominence. These considerations led me to experiment with 
specimens exhibiting increasing sub-tonicity, with a view of 
ummasking the positive element in the response, the 
A-cliange, In the last experiment a specimen was found 
which happened to be in a sub-tonic condition on account 
of the unfavourable condition of its surroundings. I was 
next desirous of securing specimens in which I could induce 
increasing sub-tonicity at wilL 
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I liave hIiowii (E,rpL 2S) that' . a detaclieci branch of 
Jliiiiosti- e>im be kept, .alive for eeveral clays with the 
cur end iiiiiiiersetl ill water. lu.- this coiiciitioii the pulvl- 
ims retains its seiisItiveriesB .for niore than ■ two ■days.. 
The exeitabilicy inulergoes a eoutinuous ilecil;ii.e and .is 
ahoiislied about the iiftieth hoiir. Isolation from the 
parent organism thus causes a continuous' depression of .the. 
tonic conditioii' ■ of the specimen. The case is somewhat 
analogous to the depression of excitability in an .exciS'Od 
bioodless miisele. It is thus possible : to- .secu.re spaehnens 
of var^dng degrees of sub-tonicity. A -specimen that has 
been detached for six hours ’will exhibit -a slight umouiit of 
depression, while' a difi’erent 'specimen isolate ■:! for twenty- 
four hours will occupy a very much iow^er position in the 
scale of tonicity. ’ 

. Experiment ■ 49, — The staircase response of Mimosa 
given in figure 53 was obtained with the stimulus of 
induction shock. In order to establish a wider generalisa- 
tion I now used the stimulus of ■ light given , by . an 
arc lamp. There may bo a difficulty on account of the 
diiiniai movement of. Mimosa ; the leaf, generally speaking, 
has a movement in a downward direction from morning 
ti!.l noon, after xvhich' . there, is a eoinpaxative state of 
rest. It is better 'to choose the. tiina ' of noon for experi- 
ment. Ill any case the re-spons-e to stimulus is .very, 
abrupt and in strong, contrast with the slow diurnal move- 
ment A horizontal pancil of light was thrown upwards 
by means of a small mirror and' made to fall on the 
lower half of a puiviiias of .-the ^ Mimosa leaf. The excita- 
tory down moveniBiit .... is : followed by recovery on the 
cessation of light. The intensity' of stimulus can be 
modified by varying the intensity, of light. I took for 
my first series of experiments', "a .specimen that had been 
isoliiteJ for six. hours. Stimulation was caused by suc- 
cessive applications of light for :' 25; , seconds at intervals of 
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3 miiiiites. Figure "54 shows how the functional activity 
of the suh-tonie specimen is enhanced by stimulus, the 
successive respo uses thus exhibiting the staircase effect. 



Fig. 51. Fig, 55. 

Fig. 51. — Staircase response in sub- tonic 

Fig,. 55. — Positive, diphasic and negative response under successive stimulation. 

POSITIVE RESPONSE IN SUB-TONIG SPECIMEN. 

Experiment SO .- — A still lower degree of sub-tonicity was 
ensured by keeping the specimen in an isolated condition 
for 12 hours. Stimulus of light for 20 seconds’ duration 
was applied at intervals of 2 minutes. In the record (Fig. 
55) the first two responses, not shown, were purely positive. 
The third exhibited a positive A-effect, followed by the 
negative response B-effect. The A-effect is thus seen fully 
unmasked. In subsequent responses the A-effect became 
more and more overshadowed by the D-effect, At the third 
response the masking is complete and the excitatory nega- 
tive tosponse is at its maximum. The record of staircase 
effect (Fig. 54)* also exhibits a preliminary positive twitch 
at the beginning of the series, which disappeared after 
the second response. " ■; ' 
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..The modifying iiifliieiice of tonic condition' on response 
I find to be of iiiii¥ersal occurrence. In vigorous speci- 
mens the electric response, to stimulation is negative; ■ hiit 
tissues .in siib*tonic condition . g.ive pmitim response, and .after 
long-continued stimulation the ■ab.norma.l positive is convert- 
ed into the normal 7mgativB. - ' . \%/m very interesting that 
under condition of sub-tonicity ■ diverse expressions of phy- 
siological reaction exhibit similar change of sign of normal 
response. Thus in my measurement of the velocity of 
transmission of excitation in ' the conducting tissue of 
Mimom^ I find that, when ' the tissue is in an optimum 
condition, exhibiting high velocity of transmission, exces- 
sive stimulus has the effect of diminishing the conduct- 
ing power* But in a depressed condition of the tissue 
the effect is precisely the opposite. Thus in a given case 
the velocity of transmission was low ; strong electric stimu- 
lation enhanced the rate by 33 per cent. In extreme 
cases of sub-tonicHy, w'here the conducting power vras in 
abeyance, the excessive stimulus caused by wound not 
only restored the power of conduction l)iit raised the 
velocity of transmission to '25 'mm. per second (ExjH. 87), 

- SOMMABY, 

The excitability of a plant is found to be modified 
by its tonic condition. 

A sub-tonic specimen of . Jffmoaa, like an excised blood- 
less muscle, shows a preliminary staircase response. Stimu- 
lus intiuces simultaneously . both ' ■ “ A ** and D ” otfects, 
with their attendant positive ' and negative reactions. 

A tissue in optimum condition' exhibits only the result- 
ant negative response, the comparatively feeble positive be- 
ing masked by the predominant negative. With decline 
of tone, the “ D ” effect diminishes and we get A ” effect 
unmasked. 

In extreme sab-tonic . specimen, we get first only the 
effect, with its positive .response*- Successive stimu- 
lation converts the pure positive into diphasic and ulti- 
mately into normal negative .response. 


PART II. 


OROWTH AND ITS RESPONSIVE VARIATIONS. 




X.™-THE HIGH MAGNIFICATION CRESCOGRAPH FOR 
RESEARCHES ON GROWTH"' 

Btj 

Sir J. C. Bose, 

Assisted by 

Gueuprasanna Das, l.m.s. 

In discussing the difficulties connected with investiga- 
tions relating to longitudinal growth ‘and its variations, 
special stress must be laid on the importance of maintaining 
external conditions absolutely constant. This constancy can 
only be maintained in practice for a short time. Lengthy 
periods of observation, moreover, introduce the uncertainty 
of complication arising from spontaneous variation of 
growth. The possibility of accurate investigation, therefore 
lies in reducing the period of the experiment to a few 
minutes during which we have to determine the normal 
rate of growth and its variation under a given changed 
condition. This^ wmuld necessitate the devising of a method 
of very high magnification for record of the rate of 
'growth.* 

/ ' With auxanometers now in use, which give a magnifica- ■ 
tioii of about twenty times, it- takes nearly' four hours to 
determine the influence of changed condition in inducing 

A short account of my researches with the High Magnification Crescograph 
has been published in the Proceedings of the Royal Society. I shall in the 
following Papers give a detailed accoimt of my investigations on growth and 
,oa allied phenomena. 
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'variation of growtln It 'will he men that if we succeeded jii 
eiiliaiiciiig iriagiiitlcatioii from twenty to, ten tliousand times, 
the .necessarj" period for experiment would be reduced 
from four hours to thirty seconds. ■ The importance of secur- 
ing a inagiiificatioii of this order is sufficiently obvious. 

The problem of high magnification was first solved by 
my Optical, Lever.* The tip of the growing organ was 
attaclied to the short arm of a lever, the axis of which 
carried a small mirror ; in this wnj it was possible to 
obtain a niagnilication of a thousand times. The magnified 
movement of growth was followed with a pen on a revolv- 
ing drum. The record laboured under the disadvantage of 
not being automatic. This defect was overcome by the use 
of the photographic method which however entailed the 
inconvenience and discomfort of a dark room, 

I have, for the past six years, been working with a 
different method, which has now been brought to a great 
state of perfection. The problem ■ to be solved was the 
devising of a direct method oi high magnification and the 
automatic record of the magnified rate of growth. 


METHOB- OF HIGH MAGNIFICATION-. ■ 

The magnification in my Crescograph is ' obtained by a 
compound system of two levers. The growing plant is 
attached to the short arm of a lever, the long arm of which 
is attached to the short arm ' of the second lever. If the 
magnification by the first, lever be m, , and that by the 
second, the resulting magnification would be :»iw. 

The practical difficulties , met ; with in carrying ,. out this 
idea are very numerous. Tt. will -be -understood that Just as 
the imperceptible movement ■ is ■ '-highly magnified by the 

* Bosi—^‘ Plant' Besponse/’p. 412. 
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compoiiad system of levers^ the. various errors aucl difficul- 
ties 'are likely to be magnified in ■■ the same proportion The 
principal difficulties met with were due : (1) to the weight 
of the compound lever which exerted a great tension on 
the growing plant, (2) to the yielding of flexible connec- 
tions by which the plant was attached to the first lever, 
and the first lever to the second, and (3) to the friction at 
the fulcrums. 

Weight of the Lever , — As the first lever is to exert a 
pull on the second, it has to be made rigid. The second 
lever serves as an index, and can therefore be made of 
fine glass fibre. The securing of rigidity of the first lever 
entails large cross section and consequent weight, which 
exerts considerable tension on the plant. Excessive tension 
greatly modifies growth ; even the weight of the index used 
in self-recording auxanometers is found to modify the nor- 
mal rate of growth. The weight of the levers introduces 
an additional difficulty in the increased friction at the 
fulcrums, on account of which there is an obstruction of 
the free movement of the recording arm of the lever* The 
conditions essential for overcoming these difficulties there- 
fore are ; (1) construction of a very light lever possessing 
sufficient rigidity, and (2) arranging the levers in such a 
way that the tension on the plant may be reduced to any 
extent, or even eliminated* 

I found in an alloy of aluminium, a light 

material possessing sufficierit rigidity. The first lever is con- 
structed out of a thin narrow sheet 25 cm. in length; 
it has, as expiained before, to be fairly rigid in order to 
exert a pull on the second without undergoing any bend- 
ing; this rigidity is secured by giving the thin narrow 
plate of the lever a T-shape. The first lever balances, to 
a certain extent, the second. Finer adjustments are made 
by means of an adjustable counterpoise B, at the end of 
the levers. By this- means the tension on the plant can 
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be greatly reduced ; or a constant tension may be exerted 
by means of a weight, T (Fig. 56). In my later type 



P,re. ft'J.—CoiiiiKdind lever. P, plant attached to shorn, arm of lever JD.; T, 
weight exerting tension; Gj connecting link; L/ second lever with bent tip for 
record 5 B, B, balancing counterpoise. ■ Fork F, carries at its side two conical 
agate cup-ii, on which lever rests by two pin-points, (Froitt a photograph.) 

of tlie apparatus the plant coBueetion is lua^le to the right, 
ipstead of the left side of' the. first fulcrum. This gives 
certaiii practical advantages; The second lever is then made 
praciicaliy to balance the ... first, . only -' 'a very slight weight 
being necessary for exact, conn terpofse. The reduction of 
total weight, thus secured ' reduces materially the. friction at 
the fuicrum with great enhancement of efficiency of the 
apparatus. 

The second or the recording lever has a normal excur- 
sion through 8 cm. on the recording , surface, wiiich is a 
very thiii sheet of glass 8x8 cm. coated with a layer of 
smoke. As the recording lever is about 40 cm. in length, 
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tlie cmryatoe in' the record is slight, and' practically negli- 
gible in the middle portion- of 4 cm. . The dimensions 
given allow a magnification of ten thousand times. A' far. 
more compact apparatus es made with 15 cm. length of 
levers. This gives a magnification of a thoasand ' times. 


AUTOMATIC EECORD OF THE RATE OF GROWTH. 

Another great difficulty in obtaining an accurate record 
of the curve of growth arises from the friction of contact 
of the ^ bent tip of the writing lever against the recording 
surface. This I was able to overcome by an oscillating 
device by which the contact, instead of being continuous, 
was made intermittent. The smoked glass plate, G, is made 
to oscillate, to and fro, at regular intervals of time, say 
one second. The bent tip of the recording lever comes 
periodically in contact with the glass plate during its ex- 
treme forward oscillation. The record would thus con- 
sist of a series of dots, the distance between successive dots 
representing magnified growth during a second. 

The drawback in connection with the obtaining of 
record on the oscillating plate lies in the fact that if the 
plate approaches the recording point with anything like 
suddenness, then the stroke on the flexible lever causes an 
after-oscillation ; the multiple dots, thus produced, spoil the 
record. In order to overcome this, a special conmvance 
is necessary, by* which the speed of approach of the plate 
should be gradually reduced to zero at contact with the 
recording point. The rate of recession should, on the other 
hand, eontiniiously increase from zero to maximum. The 
recording point will in this manner be gently pressed 
against the glass plate, marking the dot, and then gradu- 
ally set free. It was only after strict observance of these 
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conclilvioiis that the disturbing effect of ■ after-vibration h, of 
the lever could be, obviated. ‘ 

This particular ccmtrivaBce consists of an . eccentric rod 
actuated by a rotating wheel. ■.■A: cylindrical, rod, is sup- 
ported eccentrically, so that semi-rotation of .the,: eceentiic, 
causing a piiii on the c,raiik Iv (Fig. 57) piislies the plate 



B" in. 57.— Eccentric for oscillation ot plate. K, crank f S, slide; P, holder for 
glass plate G. A, adjusting screws; Ii, recording lever. Clock releases string C 
tor lateral movement of the plate. (Prom a photograph.) 

carrier gradually forward. ,On- the' return movement of 
the eccentric, a light antagonistic, 'spring, makes the plate 
recede. The rate of the movement of the crank itself is 
farther regulated by the device,.-, of the revolving wheel. 
This is released periodically . by; .clock work at intervals of 
one, two, five, ten, or fifteen seconds respectively, according 
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to the requirements of the experiment. ^ The complete 
apparatus is shown in figure 58. 



Fw, 68. — Complete apparatus. P, plant; S, micrometer screw for raising or 
lowering the plant; C, clockwork for periodic oscillation of plate; W, rotating 
wheel. Vj cylindrical plant-chamber. (Prom a photograph.) 


: Oonnecting^.^ Another puzzling difficulty lay in 

the fact that the magnification aotually obtained was 
sometimes Tery different from - the calculated value. This 
unreliability I was able to trace to the defects inherent 
in thread connections, employed at first to attach the plant 
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io the tirrft Jevei\ arul the ..first leve.r'to the secoiirL .These 
flexible ceiiiieetions were found - to. niidergo ; a variable 
aiYioiint of elastic yield. Hence it ■ heeanie necessary to 
use noiiiing Init rigid coniieetioiiB. , The plant aita.climeiit, 
A, of triangular shape is made of . a piece of naviddnm ; 
its .knife-edge rests on a notch .at ' the short arm of ' the 
lever, L. T.he.re are several notches at various distances 
from the lalcrum. It will be nn lerstood ■ how the magiii- 
fleatioii can be mo(;li.fiecl by moving Aj nearer or further 
from, the fiilerum. The lower end of the attachment is 
be.nt in the' form of a hook. The end of the leaf of the 
plant , P, is doubled on itself and tied. The loop thus 
formed is •then slipped over the hooked end of A, 

The link,' C, connecting L and consists of a pin 
pointed at both ends, which rests on two conical agate 
cups fixed .respectively to the upper and lower surfaces of 
the levers L and L’. This inode; of frictionless linking is 
rigid and aik>ws at the same time ■ perfectly free movement 
of the levers, 

^ ThefidcrimL.^Th3’ most serious difficulty was in connec- 
tion w.ith frictionless support .of the axes of the two levers. 
The liofizoiitai axis was at first supported, on jewel bearings, 
with tine screw adjustment for /securing, lateral support. 
Any slight variation from "absolute adjustment made the 
bearing either too loose or too tight, ' preventing, free pla.y 
of the lever. When perfect adjustment was secured by any 
chance, the movement of the levers ' became jerky after a 
few clays. This I afterwards discovered was due to.' 'the 
depo'sit of invisible particles' of, dtt.st on the bearings. These 
difficulties forced me to wmrk out', a very perfect ami at the 
same time a much simpler device. 'T-he lever now carries 
two vertical pin-points which are 'supported on conical agate 
cups. The axis of the lever.' .passes '.through the points of 
support. The friction of support^ ls_,''thiis reduced to a 
miniinum. The levers are kept .in place under the constant 
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pressure' of their own weight.' The. excursion of the 
end of the' recording. - ioTer, which represents iiiagnified 
movement, of growth, was now fotind to he ' without Jerk 
and .quite uniform. 

BXPERIMENTAh ADJUSTMENTS. 

The soil in a flower pot is liable to be disturbed by 
irrigation, and the record thus vitiated by physical disturb- 
ance. This is obviated by wrapping a piece of cloth round 
the root imbedded in a small quantity of soil. The lower 
end of the plant is held securely by a clamp. In order 
to subject the plant to the action of gases and vapours, 
or to variation of temperature it is enclosed in a glass 
cylinder (V) with an inlet and an outlet pipe (Fig. 58). The 
chamber is maintained in a humid condition by means of a 
sponge soaked in water. Different gases, warm or cold water 
vapours, may thus be introduced into the plant chamber. 

Any quick growing organ of a plant will be found 
suitable for experiment. In order to avoid all possible 
disturbing action of circumnutation, it is preferable to em- 
ploy either radial organs, such as flower peduncles and buds 
of certain flowers, or the limp leaves of various species of 
grasses, and the pistils of flowers. It is also advisable to 
select specimens in which the growth is uniform, I ap- 
pend a representative list of various specimens in which, 
under favourable conditions of season and temperature, the 
rates of growth may be as high as those given below : — 


Peduncle of Zephyr anthes 

... 0’7 

nnn. per hour. 

Leaf of grass , ... - 

... 1*10 

11 )> 11 

Pistil of Hibiscus fiower 

... 1-20 

11 11 11 

Seedling of wheat ... ... 

... 1'60 

11 11 . 11 

Plo wei* b ud of Grimm ■ . . :■ 

... 2-20 

11 11 11 

See<liing of Sdrpus Kysoot 

... 3-00 

11 ?: 11 
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The ' spcKsinieii eiiipiojed for exp6rim.eBt may , be an 
intact. p,Ian,t, rooted , in a flower pot It is., Iiowever, more 
coiiverileiit to employ cut specimens, the expO'Seti end beiii.g 
wrapped in moist cloth. The shock-effect of-'sect4on passes 
off after ■ several hours, mid the isolated organ ..reiiews .its 
■grow'th ill a, normal manner. Among various specimens. 
I li.iid S, Kysoor to he ^^ery siiitabie tor expeTiinents on 
growth. The leaves are much stronger than, those of 
. wheat ' and . different , g.rasses, and can bear a consider- 
:ab.l.e amount of pnil without harm. Its rate of growth 
. under favourable condition of seaso.n , is co.nsI(lerable. 

"' Some speeiinens were found' to have.' growm more than 
8 cm. ill the course of twenty-four hours, or more 
than 3 mm. per hour. This w^as during the rainy season 
in the month of August. But a ' month later the rate of 
growth fell to about I mm. per hour. 

I shall now proceed to describe certain typical experi** 
inants which w.iii show: (1) the extreme , sensibility of the 
Crvjscograph'; (2) its wide applicability In different; investi- 
gations; and (3) Its capability in ' determining 'Svith great 
precision the time-relations of responsive; changes in 
the rate of growth. In describing ' these, typical ^ cases, " 'I 
shall give detailed aocoiint . of the experimental methods 
employed, and thus avoid repetition in accounts of 'Subse- 
quent experiments. 

Determination of the absohde rate of growth : Experi- 
merit 51 , — For the determination of the absolute rate, I 
shall interpret the results of a record of growth obtain-; 
ed with a vigorous specimen; 'S'. • iTt/anor om a stationary 
plate. The oscillation frequency of 'the plate was once: in' 
a second, and the magnification' employed, was ten .'thousand., 
times. The magnified growth movement was so rapid that 
the record consists of a series of ■ short dashes instead of 



dots (Fig. 59A). For securing regularity in the rate of 



Fiq. 59. — Cresco^rapMo re^ordp ; (A) successive records of growth at inter- 
vals of one second (magnification 10,000 times), (a) Effect of temperature on a 
stationary plate; N, normal rate of growth; C, retarded rate under cold; H, 
enhanced rate under warmth : (6) record on moving plate, where diminished 
slope of curve denotes retarded rate under cold. (Magnification 2,000 times.) 

growth, it is adYisable that the plant should be kept in uni- 
form darkness or in uniformly diffused light. So sensitive 
is the recorder that it shows a change of growth-rate due 
to the slight increase of illumination by the opening of an 
additional window. One-sided light, moreover, gives rise to 
disturbing phototropic curvature. With the precautions 
described the growth-rate in vigorous specimens is found to 
be very uniform. 

After the oompietion of the first vertical series, the 
recording plate was moved 1 cm. to the left; the tip of 
the recorder was brought once more to the top by the 
micrometer screw, S, (Fig. 58), and the record taken once 
more after an interval of 15 minutes. The magnified 
growth for 4 seconds is 38 mm. in the first record; it is 
precisely the same in the record taken fifteen minutes 
after. The successive growth elongations at intervals of 1 
second is practically the same throughout, being 9*5 mm. 
This uniformity in the spacings demonstrates not only the 
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regiilfirily of growth under constant corKlItio.ris, but also the 
precision «d‘ the apiniratus. It also ' shows that ■ by keeping 
the exieriial coiiditiciii constant, ■■.■■the. normal growth-rate 
eoiild lie inahitained uni for in. for at , least fifteen inmiites. 
Ilie inagi.iifh.el rate of growth is ■ nearly ] cm per second, and 
since it. is cjiaio easy to meaBtire, 0*5 mm., the Cresoograpli 
enables us to magnify and record n length of 0*0(K)5 miii., 
that is to say, the sixteenth part' of a- wave of' red light. 
The absolute rate of growth.,, moreover,', can be determined 
in a period as short as 0*05 ^ of . 'a.. '.'second. These facts 
will give some idea of the great, p.ossibillties of the Cresco- 
.graph for future investigatioos.. 

As the period of experiment is very greatly shortened 
!)y the method of high magnification, I shall, in the 
determination of the absolute rats of growth, adopt a 
secoml as the unit of time, and /x, or micron, as the unit 
of' ie.ngt!i, — the micron, being a million.th , part of a metre 
or a thousandth part of a ''millimeter. 

If )n bs? the magnifying power of the compound lever 
and I, the average distance between successive, dots in 
mm. at intervals of seconds ' then : — ■ 

the rate of 'growth « ^ x 10 ‘V per second.,.'. 

In the ixacord' given ss: 9*5. mm. 

m = 10,000. 

^ = 1 second. 

'. '■.Hence,, the -rateyof growth = x.d.O V, per sec. 

= 0’95/x per sec. 

Having demonstrated the ex^treme . sensitiveness' and 
reliability of the apparatus, in ' 'quantitative determination, 
I shall next proceed to show dts , wide applicability'' for 
various researches relating to,,;, the ' -influence of external 
agencies in modification of growth. ,For^this two different 
methods are employed. In the''fi.rst of these methods, the 
records are taken on a stationary plate : of these the 
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record is at first taken under normal condition, the subse- 
quent series being obtained under the given changed 
condition ; the increase or diminution of intervals between 
successive dots, in the ■ two series, at once demonstrates 
the stmiiiiating or depressing nature of the changed 
condition. 

In the second method, the record is taken on a plate 
moving at an uniform rate by clockwork. A curve is 
thus obtained, the ordinate representing growth elongation 
and the abscissa the time. The increment of length divided 
by the increment ot time gives the absolute rate of 

growth at any part of the curve. As long as the growth 
is uniform, so long the slope of the curve remains con- 
stant. If a stimulating agency enhances the rate of growth, 
there is an immediate upward flexure in the curve ; a 
depressing agent, on the other hand, lessens the slope of 
the carve. 

1 shall now give a few typical examples of the 

employment of the Crescograph for investigations on 
growth: the first example I shall take is the demonstra- 
tion of the influence of variation of temperature. 

Skitionary method : Experiment 62 . — The records, given 
in Fig. 59 a, were taken on a stationary plate. The 
specimen was S. Kysoor ; the OrescograpMc magnifica- 
tion was two thousand times, and the successive dots at 

intervals of 5 seconds. The middle series, N, was at the 

temperature ot the room. The next, G, was obtained with 
the temperature lowered by a few degrees. Finally H 
was taken when the plant-chamber was warmed. It will 
be seen how under cooling the spaces between successive 
clots have become shortened, showing the diminished rate 
: of growth. , Warming, on the other hand, caused ■ a widen- 
ing of intervals between successive dots, thus demonstrating 
.an 'enhancement of the ' rate-"- of growth. 
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Calciilatiiig from tlie data' .obtained from tlie , figure we 
find:— 

The absnlute value of the rtonttal- rate .•* '0'457|a pc^r second. 

Biaiiiiihlieil rate Oiider cold ' ^ OTOIjx ,, 

I’hiliaiieed Hite iinder wariiitli 0 737 /a ,, ,, 

Mimng plate method: E^rpefimerit 54 , — This -was carried 
out 'witli a dlffereiifc specimen of Kysoo’t, the! record 
being taken on a mo'ring plate (Fig. 595). The first part 
of the curve here represents the normal rate of growth. 
The plant was then subjected to moderate cooling,, the sub- 
secpieiit curve with its diminished' slope ckmotes the depres- 
sion of growth. The ' question of influence of temperature 
wi.li be treated in a s'abseq.uent Paper of the present series 
in. .iniieli greater detail. 

Precaution against, physical disturbance : .E,rperimenl 54 
T.here, may be some misgiving abotit the e'mployment of 
such hig.h iiiagnifiGation ; it ' may be thought that the 
accuracy of tlie record might be vitiated by phyw«ical 
disturbance, .such as vibration. Jn physical experimenta- 
tion .far greater' difficulties have, ■ however, been overcome, 
and the problem of securing freedom from vibration, is not 
at all formidable. The whole apparatus need only be 
placed on a heavy bracket sere-wed on the w^all to ensure 
against mechnical disturbance. . The . extent to which , this 
has been realized will be .'found from the ins,pe.ctioii of the 
first part of the record in . figure 60, taken on a moving 
plate. A thin dead' twig was., substituted for dhe.. growing 
plant, and the. perfectly .horizontal record, not .only de.inon- 
strated the absence of . growth movement but. also. . of ... all 
disturbance. There is an element of physical change, against 
which precautioBS have to' be taken .In experiments . on^ varia- 
tiou of the rate of growth 'at ..different temperatures.' In 
order to determine its character, and. extent,.. , a..' reco.rd ,.' was 
taken with the dead twig, ■■of .the-, effect of raising the temper- 
ature of the plant-chamber 'thro.ugh ten degrees. The record 
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(Fig. 60) : with a: magnification of two thousanel time:S; shows 

that there is an expansion dur- 
ing the rise of temperature, 
and that the variabie period 
lasted for a minute, after 
which there was a cessation 
of physical movement, the 
record becoming once more 
horizontal. The obvious, pre- 
cautions to be taken in such 
a case, is to wait for several 
minutes for the attainment 
of steady temperature. The 
movement caused by physical 
change abates in a short time 
whereas the change of rate of 
growth brought about by phy- 
siological reaction is persistent. 

DETEBMIHirATION OF liATBNT PERIOD AND TIME-RELATIONS 

OF RESPONSE. 

Experiment 5<5.— In the determination of time-reiations 
of . responsive change in growth under external stimulus, 
I shall take the typical case of the effect of electric 
shock from a secondary coil of one second’s duration. Two 
electrodes were applied, one above and the other below 
the growing region, of a bud of Grimtm, The record was 
taken on a moving plate, the n^agnifioation employed being 
two thousand times, and successive dots made at intervals 
of two seconds. It was a matter of sui’prise to me to 
find that the growth of the plant was affected by an 
intensity of stimulus far below the limit of our, own per- 
ception. As regards the relative sensitiveness of plant and 
animal, some of my experiments. : show that, the . leaf of 
Mimosa pudica^m a favourable condition responds to an 
■electric .stimulus , which is one-tenth the minimum' intensity 



Fig. so.— H orizontal record shows 
absence of growth in a dead branch ; 
physical expansion on application of 
warmth at arrow followed by hori- 
zontal record on attainment of steady- 
temperature. (Magnification 2,000 
times.) 
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that causes perception in a human being. For convenience 
I shall designate the intensity of electric shock that is barely 
perceptible to ns as the unit shock. When an intensity of 
0 25 unit was applied to the growing organ, it responded 
to it by a retardation of growth. Inspection of Fig. 61 shows 



that there is a flexure induced 
in the curve in response to 
stimuius, the flattening of the 
curve denoting retardation of 
growth. The latent period, in 
this case, is 6 seconds. The 
normal rate was restored after 
5 minutes. The intensity of 
shocK was next raised from 
0-25 unit to one unit. The 
second I’ecord shows that the 
latent period is reduced to 4 


Fig. 111. -''I iiiie-rvJai ionf; of resporiFe 
ni Lcrowiiig organ lo i-Iectric stiinuln.s 
of incrca.'^iug iiitousities applied at the 
Hhort hitrizonial lincH. Saccetistve dots 
at iniervals* of I* seconds. 


seccmds, and a' relatively 
greater retardation of growth 
was . induced by the action, of 
the . stronger sfcininliis., ' The 


; recovery of, the nornmi' Tate 
was eirecte<i after the longer period of 10 niiuutes, I took 
one more record, the intensity ■ 'being three, units. The 
latent period was now reduced ■ 'to 1 second, and . the 
iudacod retardation was so great' as to effect a temporary 
arrest of growth. \ 


TABLE X.— TIME-RELATIOXLS OF BESPOHSIVE ■" ' GeOWTHWAEUTlON UNDER 
ELECTRIC SHOCK {Crmum). 


Intenaitj of 
stimuliis. 

Latent period. 

Normal rate. 

1 Eetarded rate. 

1 

0'2;) unit, i 

6 seconds. 

0‘62 /A per sec. 

0'43 u. per sec. 

1 

•1 n 

0-62 „ 

0-25 


1 

0-62 

Temporary arrest j 




of growth. 
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It is thus found that growth in plants is affected by an 
intensity of stimulus which ■ is below hunaan perception ; 
that with, increasing stimulus the latent period is diminished 
and the period of i*ecovery increased ; and that the. induced 
retardation of growth increases continuously with the 'stimu- 
lus till at a critical intensity there is a temporary arrest 
of growth. I shall speak later of the effect induced by 
stimulus above this critical point. 

Experiment 56. — As a further example Of the capabi- 
lity of the Oresoograph, I shall give the record of a single 
pulse of growth obtained witli the peduncle of Zephymn- 
thes Sulphurea (Fig. 62). The magnification employed was 

10,000 times, the successive 
dots being at intervals of 
one second. It will be seen 

that the growth pulse com- 
mences with a sudden 
elongation, the maximum 
rate being 0*4 per sec. 

The pulse exhausts itself in 

15 seconds, after which 
there is a partial recovery 
in the course of 13 seconds* 
The period of- the complete 
pulse is 28 seconds. The 

FiG.62.-Kecorfofa Mngle growth-pulse growth in each 

, of Zephyantlies. (Magnification 10,000 

pulse is therefore the differ- 
ence between elongation and recovery. Had a very highly 
f magnifying arrangement not bean used, the resulting rate 

would have appeared continuous. In other specimens, owing 
I probably to greater frequency of puiaation and co-operation 

of numerous elements ill growth, the rate appears to be 
practically uniform. 



Ms /MfB 

Affmniagfis of the Grescograph. — There Is no .existing 
iiietlicMl wliicii enables m to detect and ineastire sncli infinitesi* 
inai movements and their time-relations. The only attempt 
made in measuring iiitniite growth lias been by observing 
the , moveiiient .of a mark on a .growing plant through a 
iiiicroscope. The magnification available in practice is about 
250 times. The observation of the movement would . Itself 
be S!iffi.cieiitly fatiguing. But a simiii tan eons estimate of the 
time- relations of rapidly fi actuating changes would prove 
so bewiidering, that accurate results from this method would 
be altogether impossible. A objective gives a linear en- 
largement of about 1,200 times. But the employment of this 
objective is impracticable in ' the measurement of growth 
elongation of an ordinary plant. With the Crescograph, on 
the other hand, we obtain a magnification which far sur- 
passes the highest powers of a- microscope, and it can be 
used for all plants. It does not merely detect growth but 
■automatically records the rate of growth and its slightest 
fluctuation. The extreme shortness of time' required for an 
experimeiit renders the study of .the' influence of a single 
factor at a time possible, the other conditions being kept 
constant. ' The Crescograph thus opens out a very extensive 
field of ■ Inquiry into the physiology of growth ; and the dis- 
covery of several important phenomena mentioned in this 
Paper is to be ascribed ' to the- extreme seiiBitiveness of the 
apparatus, and the accuracy of the method employed. 

MAOKETIC AHPbIFiGATION. ^ 

The magnification obtained with' two levers was, ms 'stated 
before, 10,000 times. It may ,be thought' that further 
magnification is possible by . a compound system of three 
levers. There is, however, a ; limit to the number of levers 
that may be employed with 'advantage, for the slight over- 
weight of the last lever becomes multiplied and exerts very 



HlOfl mONIflCAOPlOH ' ceiscogbam ^ '169 

great tension' on the plant, which interferes'' with the normal 
rate of its growth. The friction at the bearings also becomes 
added iip by an increase in- the number' of levers, and 
this interferes with the uniformity of the movement of the 
last recording iever«. For securing farther' magnification, 
additional material contact . has, therefore, to be abandonech 
I have recently been successful in devising an ideal method 
of magnification without contact. The movement of the 
lever of the Crescograph upsets a very delicately balanced 
magnetic system. The indicator is a refiectad spot of light 
from a mirror carried by the deflected magnet. Taking 
a single lever with the lengths of two arms 125 mm., and 
2*5 mm. respectively we obtain a magnification of 50 
times. The magnetic system gives a further magnification 
of 20,000 the total magnification being thus a 
million times. This was verified by moving by means of 
a micrometer screw the short arm of the lever through 
0‘005 mm. The resulting deflection of the spot of light at 
a distance of 4 metres was found to be 5,000 mm., or a 
million times the movement of the short arm. It is not 
difficult to produce a further magnification of 50 times by 
attaching a second lever to the first. The total magiiifica- 
tion would in this case be 50 million times. 

A concrete idea of this will be obtained when we realise 
that by the Magnetic Crescograph a magnification can be 
obtained which is about 50,000 times greater than that 
produced by the highest power of a microscope. This order 
of magnification would lengthen a wave of sodium light to 
about 3,000 cm. I am not aware of any existing method 
by which it is possible to secure an amplification of 
this order of magnitude. The application of this will 
undoubtedly be'^ of great help in many physical iiivesilga- 
tions, some of which I hope to . complete in the near future. 

'. Such an ■ enormous magnification cannot be employed 
in ordinary investigations on growth, for the moving /Spot 
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of liglit iiKlicatiBg rate of ■■ growth, passes like a , flash 
across the screen. But it is ■ of signa! .service in , iB,y in- 
vestigations on growth by the Method of .Balance, to be 
described in a future. Paper. The' -principle o,! this method 
consists ill inaking the spot of light, which is ' iiiovlng in 
response to gro'wfcli, stationary,' by subjecting the plant to a 
compensating rnovein'ent downwards. The .slightest variation 
caused by an external agent would make the spot of light 
move either to the right" or to the left, according to the 
stimulating or depressing character of the agent. It 
will . be understood., how extremei'y sensitive this iiiethoi! 
is for detection of the most minute variation in the nor- 
'mai rate of growth, 

THE DEMONSTRATION ORESCOORAPH. 

Before ' proceeding with accounts of further investiga- 
tions, I shall describe a ' form' of Magnetic Crescograph 
with which .1 have been able to give before a large 
audi.eiica deiiioiistration of a striking character on various 
phenomena of growth. ' The magnification obtained was 
so great that I had to take ■ some trouble in raduciiig it. 
This wuis accomplished by .the employment ' of ' a ' s'Ingle, 
instead of a compound ' system-- of two levers. The re- 
flected spot . of light ' was thrown o.n a screen placed at a 
distance of 4 metres, and this gave a magnification of a 
million times ;■ it is obvious that an increase of the distance 
of the screen ' to 8 metres ' would'' have given a magnification 
of 2 million times.- As it ■ was, ■ even the lower magnifica- 
tion was far too great for use with' quick growing plants 
like Kysoor, I, therefore, employed the slower growing 
flower bud of Crinurri.. It' will , be seen from Table X 
that the normal rate of growth of '-the -lily is of the order 
of 0*0006 mm. per second. .The ■ n.ormal excursion of the 
spot of light reflected , from'. ’ the' Crescograph exhibiting 
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I growfcli, was .found to be 3 ■ metres in fi,ve ' seconds, . or 

'60 cm, per' second. This is a million times the actual 
rate of growth of the Grinum hud. As it ,, is . easy to 
i measure 5 mm. in, the scale, it will be seen that with 

I the Demonstration Crescograph it is possible to detect the 

growth of a plant for a period shorter than a hundredth 
part of a second. 

Experiment 51 , — A scale 3 metres long divided into 
cm. is placed against the screen, A metronome beating 
half seconds is started at the moment when the spot 
of light transits across the zero division; the number 
; ■ of beats is counted till the index traverses the 300 cm. 

At the normal temperature of the room. (30 C.), the 
index traversed 300 cm. in five seconds. The plant 
chamber was next cooled to 26^0. by the blowing in of 
cooled water vapour ; the time taken by the spot of light 
i to traverse the scale was now 20 seconds, the growth- 

I rate was depressed to a fourth. Under continuous lower- 

I ing of temperature the growth-rate became slowed down 

j till at 21^0, there was an arrest of growth. Warm 

I vapour was next introduced, gradually raising the tempera- 

J ture of the chamber, to 35^0. The spot of light now 

rushed across the scale in a second and a half, the 

growth was enhanced to more than three times the 
■ normal rate. The entire series of the above experiments, 

on the effect of temperature on growth, was thus complet- 
: ed in the course of 15 minutes. 

I 

SUMMARY. 

'! A description is given of the High Magnification 

I Orescograph, which enables an automatic record of growth 

i magnified ten thousand times. The absolute rate of growth 

I can be easily determined from the data given in the 

'I , ■■ 'record. ■ ■ 
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A iiiiigiiificaiioii of Ai miiiion tinies is obtained by . .the 
.emplojiiieiit of Magnetic aiiiplitieatioii.. A.ii increment of 
growth so minute as a inillloiith part of a, mm.,, or 
0'00000004 inch may thus be detected. It is also possi- 
ble to detect the growth of a plant for a period shorter 
.than a hundredth- part of, a second. 

The influence of external co-iiditioiis on. variation of 
rate of grom’t,h is obtaineil two methods of record. In 
STATIO.KAEY METHOD, ,the increase or . diminution of the 
distance between successive dots representing niagBifi,ecI rate 
of growth, demonstrates the stimulating ' or depressing 
nature of the changed condition, 

111 the second, or MOTIKG PLATE METHOD, a curve is 
obtained, the ordinate representing growth elongation, and 
the abscissa, time. A stimulating agent causes an upward 
flexure of the normal curve ; a depressing agent, on the 
other hand, lessens the slope of the curve. 

■ The action of e,xternai ■ stimulus -induces a variation ' of 
the rate of growth, tlie time relations of which ar-e fountl 
from the automatic record of the growth. T,he .latent 
period -is shortened with -the intensity of the stimulus. , A 
responsive variation of .growth -is induced by an , intensity 
of stimulus which.. is below human perception.. 

It is often possible to obtain- record of the pulsatory, 
nature^ of growth-elongation. ■ -Thus ■with the growing.' 
pediuicie of Zephyranikes^ the -growth pulse commences with 
a sudden elongation, the maximum rate being 0'0004 
mm. per, second. The pulse-, exhausts itself In 15 seconds, 
after which there is' a p'artial recovery in course , of , 13 
secontls, the period of . complete' pulse being 28, seconds. 
The resultant growth ' in each pulse ' is the , differe,iiee. , be- 
tween elongation and recovery. ■ 

The Magnetic Crescograph . -enables' ';demo,iistration -, of 
principal phenomena of growth' a-nd-'''its,, variatio.n/ 
large audience. 



XL— EFFECT OP TEMPEBATUEl ON GROWTH 


Sir J. C. Bose, 

Assisted by 

SURINDRA ChUNDER DaSS, M.A* 

Accurate determination of the effect of temperature on 
growth presents many serious difficulties on account of 
numerous complicating factors. In nature, the upper part 
of the plant is exposed to the temperature of the air, while 
the root underground is at a very different temperature. 
Growth, we shall find, is modified to a certain extent by 
the ascent of sap, (See p. 189, 69.) The activity of 

this latter process is determined by the temperature to which 
the roots are subjected. The difficulty may be removed to 
a certain extent by placing the plant in a thermal chamber, 
with arrangement for regulating the temperature of the 
air. The air is a bad conductor of heat, and there is some 
uncertainty of the interior of the plant attaining the tem- 
perature of the surrounding air, unless the plant is long 
exposed to the definite and constant temperature of the plant 
chamber. Observation of the effects of different tempera- 
tures then becomes a prolonged process, with the 
possibility of vitiation of resulis by autonomous variation 
of growth. Reduction of the period of experiment by 
rapidly Taising the temperatare of the chamber introduces 
fresh difficulties -for a 'sudden variation . of temperature 
often acts lihe an excitatory ' shock. . This ' drawback may 
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to solilo extolit be obviateci by ensuriiig a/,gracliml cliaiige 
of teiiiperatiire. This is ,by no means an easy process,, for 
even wiili care the . rise of temperature of the air. cannot 
be made fierfectly uniform, and any slight irregularity gives 
.rise to sudden ti net nations in the .magnified .record of growth. 
Another difficuliy arises from^ the radiation of .heat-rays 
.from the sides of the thermal chamber. These raj’^s, ■ I . shall 
ill a Paper show, induce a retardation of growth. 

The effect of rise of temperature in aceeieration of growth 
is thus .antagonised by the action of thermal radiation... 
This troiibhi may be minimised by having the inner surface 
of th.8 thermal chamber of bright polished . metal, since the 
radiating power of a polished surface is relatively feeble, 

T,he contrivance which I employ for ensuring a gradual 
rise .. of temperatiire, consists of a do able- walled cylindrical 
metaliic vessel ; the plant is' placed in the inner chamber, 
the'' walls of which are coate.d w-itli electricali'y deposited, 
silver a.!itl. .polished afterwards, and at the bottom of 'W.hieh 
there is a little water. The space betwea.n the inner and 
outer . cylinder is filled with w-ater, in which Is immersed a 
coiled copper ' pipe. Hot water from a small boiler enters 
the inlet of the coiled pipe and passes through thus outlet 
at the lower ami. The- water in the outer cylinder Is thus 
gradually raised by flow of hot water in the coiled pipe. 
The rate of flow of hot water, ■ on which the rate of rise . of. 
temperature depends'., is regulated, .by a stop-cock. The... air 
of the inner chamber ..in , which : the ... plant .is pia'cecl,. may 
thus be adjusted for a definite ' temperature. The small 
quantity, of. ■ water in the inner 'chamber keeps its a.ir in' 
a humid condition, since dr, y hot air by ' causing . dessication 
interferes with normal growth.- 

METHOD, OB" DISCONTINUOUS OBSEKVATION. 

Experiment SS. — High' magnification records are taken for 
successive periods of ten seconds,.. 'for selected temperatures, 
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maintained constant 


during the particular observation.: In 
figure 63 is given records of rate of 
growth obtained with a specimen, of 
Kymor at certain selected tempera- 
tures. It will he seen that the , rate 
of growth increases with the rise of 
temperature to an optimum, beyond 
which the growth-rate undergoes a 
depression. In the present case the 
optimum temperature is in the neigh- 
bourhood of 35^0. 


Fio. Etiecfc of temperature on growth, and determination of optimum tem- 
perature. 


METHOD OP CONTINUOUS OBSERVATION. 

The method of observation that I have described above 
is not ideally perfect, but the best that could be devised 
under the circumstances. A very troublesome complication 
of pulsations in growth, arises at high temperatures, which 
render further record extremely difficult. Growth is un- 
doubtedly a pulsatory phenomenon ; but under favourable 
circumstances these merge practically into a continuous 
average rate of elongation. At a high temperature the effect 
of certain disturbing factors comes into prominence. This 
may be due to some slight fluctuation in the temperature 
of the chamber, or to the effect of thermal radiation from 
the side of the chamber. This disturbing influence is most 
noticed at about 45°C, rendering the record of growth 
above this point a matter of great uncertainty. It will 
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presently .be sliown that ixi plants iinmerseil .in water-bath 
growlli is ofte.ii foaad to persist even up to 57'^C* 

The only w^mj of removing the eoinpllcaticni aris.l.ng /fr^ 
thermal racliatioii lies in varying the teniperatiire co.iiditio!i 
.of the plant, by direct contact, with water at different teiii- 
peratiires. This procedure will also re.move nncertaliity 
regarding the 'body of .the plant assuming the temperature 
of surrounding iioii-conducting air. The disturbing effect, of 
sudcleii variation of temperature is also obviated bj' a more 
uniform, regiilatioii of rise of temperature. . The dnner 
cylinder containiiig the plant is filled with water; heat from 
gradually warmed water in the outer cylinder Is con, ducted 
across the inner cylinder made of thin copper and raises 
the temperature of the water contained in the inner' cylinder 
with great uniformity. A clock-hand goes round once in 
a minute; the experimenter, keeping his hand on the stop- 
cock, adjusts the rate of rise of water in the inner cylin- 
.der, so, that there is a rise, say, of one-tontb of a degree 
every 6' seconds or of one. degree every minute. The mass 
of water acts as, a governor, and prevents any sudden 
liiictuaticms of temperature. The ' adoption of this parti- 
cular device eliminated the erratic chaiiges in the rate of 
growth that luid hitherto proved so baffling. 

The elongation recorded by the Crescograph will now be 
made up of (1) physical expansion, (2) expansion brought 
about by absorption, of water, and (.3) the pure acceleration 
of growth. ■ The , disentanglement- of . these different elements 
presented many difficulties. .1 was, however, able to find out 
the relative values of the'. first "two factors in reference to 
the elongation of growth.. ,This was done by carrying out 
a preliminary experiment with a specimen of plant in which 
growth had been completed. It was '-raised through 20^0 in 
temperature, records being, taken , both at the beginning and 
at the end. This was for, ■' obtaining a measure of the 
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pliysical change clue' to temperature, and also of the change 
hrought about by absorption of water. I should state 'here 
that for the method of continnous record of growth which 
I contemplated, the record had to be taken for about 18 
minuteB. I he magnification had to be lowered to 250 
times to keep the record within 'the plate. With this magni- 
ficatioii, the fully grown specimen did not show in the 
record a change even of 1 mm. in length in 18 minutes, 
while the growing plant under similar circumstances exhi- 
bited ao elongation of 100 mm., or more. In records 
taken with low magnification, the effect of physical change 
is quite negligible. , 

DETERMINATION OF THE CARDINAL POINTS OF OB,OWTH. 

The cardinal points of growth are not the same in 
different plants ; they are modified in the same species 
by the climate to which the plants are habituated ; the 
results obtained in the tropics may thus be different 
from those obtained in colder climates. At the time of 
the experiment, the prevailing temperature at Calcutta in 
day time was about 30^C. 

Temperature minifmim: E^eperiment 59 ^ — For the deter- 
mination of the minimum, I took a specimen of & Kp$oor^ 
and subjected it to a continuous lowering of temperature, 
by regular flow of ice-cold water in the outer vessel of the 
plant-chamber. Record was taken on a moving plate for 
every degree fall of temperature ; growth was found to be 
continuously depressed, till an arrest of growth took place at 
22^0 (Fig. 64). : 

The arrested growth was feebly revived at 23 C, after 
w’-hich with further rise of temperature there was increased 
acceleration. The optimum point was reached at about 34'^C. 
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III. some plaiits .tlie: optim.iim , is -reached at about, 28 .C\ .and 
the rate .remains coiistaiit for the next , 10 degrees or more. 



Fre. iU, .■ Fi<i. 65. 


Fiti. f>t.-“Beco'rd of, affect of fall of- temperature from 60’’ C to arrest -of growth' 
at 22 •■’'C.. 

■Fuf. 65.— FHVcl of rise of temperataire from 53“'C to - (*0^C. .A 6«'dil€.n 
eon tract iou, iiaiicative of 'death-spas.m 5 takes place at 6CFC, 

Teynperature maximum: Expenmmit 80. — B\>r the deter- 
ininatloQ of the maximoin, the temperature was raised much 
h,i.gher.. At b5 0; gro.wth was found ' to be greatly • retarded 
with practical arrest at 58 €, At- 60 G there occurred 
a sudden spasmodic contraction (B^ig. 65), which I have 
shown elsewhere to be the spasm of death. ■ This ineclmnical 
spasm at 60 C is also strikingly shown by various puivinat- 
eel organs. An electric spasm of galvanometric negativity, 
and a sudden diminution of electrical resistance also take 
place at the critical temperature of 60 

I have described the immediate ed'cct at the critical 
point. Long maintenance at a temperature few degrees 

* Bo.sb -^MU arib Eospon«e,” p. 168 j “ OOmparative Electro-PhyBiology,’* p. 202, p • 
546 . 
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below 60 ^ 0 , wlil no doubt be. . attended witb ,tlie, death of 
the organ. Fatigue is also found to lower the death-point. 


THE THERMO-CRESCENT CURVE. 

Ex^yeriment 66 . — I was next desirous of devising a method 
by which an automatic and continuous record of the plant 
should enable us to obtain a curve, which would give 
the rate of growth at any temperature, from the arrested 
growth at the minimum to a temperature as high as 40^0. 
In order to eliminate the elements of spontaneous variation, 
the entire record had to be completed within a reasonable 
length of time, say about 18 minutes for a rise of as many 
degrees in temperature. This gives a rate of rise of 1°C. 
for one minute. Separate experiments showed that at this 
rate of continuom rise of temperature there is practically 
no lag in the temperature assumed by thin specimens of 
plants. For observation during a limited range I use the 
slower rate of rise at l^C per two minutes. But the result 
obtained by slower rise was found not to differ from 
that obtained with one degree rise per minute. The curve 
of growth is taken on a moving plate, which travels 5mm. 
per minute. Successive dots are made by the recording 
lever at intervals of a minute during which the rise of 
temperature is 1°C. A Thermo-creBcent Gmve is thus obtained, 
the ordinate of which represents increment of growth, and 
the abscissa, the time. As the temperature is made to rise 
one degree per minute, the abscissa also represents rise of 
temperature (Fig. 66). The vertical distance between two 
successive dots thus gives increment of growth in one minute 
for 1 degree rise of temperature from T to TV If I repre- 
sents this length, t the interval of time (here 60 sec.), and 
m the magnifying power of the recorder, then the rate of 
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Fig, 66.— The Thermo-cresceat Curve. 
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TABLE XL— -BATE OP OBOWTH POfi DIFFERENT TEMPERATUKES. 


Temperature. 

Growth. 

Temperature. 

Growth. 

22°0 ... 

0*00 jjL per sec. 

3100 ... 

0*45 ju, per sec. 

2300 

0-02 ^ „ „ 

32°C ... 

0*60 Li „ ,, 

24°C ... 

0*04 ^ „ „ 

.3300 ... 

0-80 f, „ „ 

25°0 

0'06 fj. ,, „ 

.3400 ... 

0-92 f, „ „ 

2600 ... 

1 0-08 ^ „ „ 

350 c ... 

0-84 J „ „ 

2700 

0-12 ;x „ „ 

36=0 ... 

0-64 ^ :: :: 

28°C ... 

0‘16 fj. „ „ 

370 c ... 

0-48 f, „ „ 

2900 ... 

0-22 1. „ „ 

38=0 ... 

O’BO f, „ „ 

3000 ... 

: 0‘;)2 „ „ 

390 c ... 

0-16 J „ „ 


I give in figure 67 a curve showing the 
temperature and growth. 
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Fig. 67. — Curve showing relation between temperature and rate of growth. 
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It , will, thus be seen that, in the course of an cxpt^riiiieiit 
lasting aboQt twenty minutes, data have becui obtained 
wMeh enable us to determine the rates of growth through 
a wide range of temperature. We have likewise lieeii aide 
by llie first iiiethoil to make very accurate {ieterminatioiis 
of the temperature iiiaximiim and miiiiiiiuiii. In short, bjr 
adopting the methods described, the cardinal points of 
gro-wth and the rate of growdh at any temperature, may 
be cletermined wdth a precision unattainable by the older 
methoils, of averages or of prolonged observation* 

SUMMARY. 

Temperature induces variation in the rate of grow^th. 
In accurate determination of the growth, ..the disturbing 
effect of radiation of heat has .not be eliminated.* 

A continuous record of growth- under uniform rise of 
temperature gives the Thermo-crescent curve, from which 
the rate of growth at any temperature may be deduced. 

Different plant- tissues exhibit cha r acteristic cl I .iferences 
in their cardinal points of growth. In KyMm\ growth is 
arrested at the temperature minimum of 22°C* : The 
optimum temperature is at 34®C., after whicli growth-rate 
declines and becomes completely arrested at .At 60*^0. 

there is ^a sudden spasmodic contraction of death. . 

; plants the cardinal points are different*’ In 
some, plants the optimum growth . is ■ attained ■ at 28'^C, and 
remains, constant up to SS'^C. : 



XII.— THE EFFECT OP CHEMICAL AGENTS ON ■ 

GROWTH 

By 

Sir J. C. Bose, 

Assisted by 

Guruprasakna Das. 

Chemical agents are found to exert characteristic actions 
on growth. The method of investigation sketched here 
opens out an extended field of investigation. The effect 
of a chemical substance, I find, to be modified by (1) the 
strength of the solution, (2) the duration of application, 
and (3) the condition of the tissue. A poisonous substance 
in minute doses is often found to exert a stimulating 
action. Too long continued action of a stimulant, on the 
other hand, exerts a depressing effect. The influence of 
the tonic condition is shown by the fact that while a 
given dilution of a poisonous substance kills a weak 
specimen, the same poisonous solution, applied to a vigorous 
specimen, actually stimulates and enhances the rate of the 
growth. I give below descriptions of a few typical re- 
actions. 

The reagent, when in a liquid form, is locally applied 
on the growing organ. The records, taken before and after 
'the application, exhibit the' stimulatory or ,, depressing 
character of: the ■ reagent. A different ' method of ' applica- 
tion : of the ' reagent is ■ employed' for :piantS'; with' extended 
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region of growth. The specimen is then encloseil in u 
giiiss cylini-ler, with inlet and outlet pipes. The cylinder is 
first filled with water, and the normal rate of growth 
recorded. This rate remains constant for several hours ; 
hut pian-eutiou of access of air for too long ti time affects 
the uonntil growth. After obtaining norma! record, witter 
charged with the giving chemical agent is passed into the 
cylinder ; and the subsequent record shows the character- 
istic effect of the reagent. The introduction of a gas into 
the chamber offers no difficulty. 

EFFECT OP STIMULAKTS. 

Hydrogen Peroxide: Experiment fi5.— -This reagent, as 
supplied by Messrs. Parke Davis & Co., was diluted to 1 
per cent, and applied to the growing plant. Its stimulating 
action on growth is demonstrated in the riglit hand record 
of Fig. 68a, where the rate of growth is seen enhanced 
two and a half times the normal rate. 



Fia. f.8.— Effect of chemical a<?ents : (a) Acceleration of irrowth under H„0„, 
(ft) Effect of KH,„ preliminary accelera- ion followed by retardation, (c) Effect of 

ether (E) and recovery (A). 

^ Ammonia: Experiment tJ-S.— The immediate effect of 

dilute vapour of this reagent is an enhancement of growth, 
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seen' in tlie middle , record of Pig. , 685, ^ where the rate is 
seeii to be doable the normal. Continued action, however, 
caused a depression ; the, third record of this, series shows 
this, where the reduction Is three-fourths ' of the normal rate. 







EFFECT OF AN-^STHETIOS. 

Ether : Experiment 64,— In Pig. 68c, the records exhibit 
the effect of inlroduction of ether vapour into the plant 
chamber, and its recovery after the removal of the vapour. 
Ether is seen to depress the* rate of growth to a little more 
than a third of the normal rate. The recovery is seen 
to be nearly complete half an hour after the removal of 
the vapour. 

Carbonic Acid: Experiment The action of this gas 
is very remarkable. The plant was immersed in tvater 

and normal record taken ; the 
HjllllllH^ plant chamber was now fflled 

with water, charged with 
carbonic acid gas. This induced 
a very marked acceleration of 
growth (Pig. 69). In a seed- 
Hng of Onion, the increase 
was found to be t-wo and a 
half times. In the fewer hud 
oi Grimm, the rate was found 
enhanced threefold from the 
normal 0*25 to 0*75 ^ per 
second. After this preliminary 
enhancement, there was a de-* 
BjWMH HHBB B presslon of growth within 15 

■minutes of the application, the 

FiU. 69.~Effect of Cog. (a) Hormal record j (6) immediately after applica- 
tion of CO 3 and (c) 15 minutes after. 


186 


uwE moYEmm^Tn m piiAiTs 


rate now reihieed to 0rl5 per seeciml. Tlu^se elTee,ts 

were foiiinl to take place equally. I i,i. liglit or. In ciaikiiess, 

AfmOK OBVDIOTEBBKiy C^iSBS, 

(joai 6m : Ea*pe.riment 6*^.— Coal gas iiiiliices a clepres- 
sioii. It is ciirit)iis that subjection to the action of this gas 
does not produce so evil an effect as one would expect. 
The iiitroihicflon of the gas had reduced the growth-rate 
to more than half; but' there was a recovery half an 
hour after the introduction of fresh air. 

Sidplmretted H'Hdrogen ; Experiment 87 , — This gas not 
only exerts a depressing effect, but Its after-effect is also 
very persistent. The plant experlmeiitetl on was very 
vigorous and its rate of grov;t.h was depressed to half by 
subjection to the action of the gas . for a short time. Tlie, 
reeorti taken half an hour after 'the introduction of fresh air 
did not exhil}it any recovery. 


ACTIO-X OP FOIBOHS. 

Ammmiimn Sulphide: Experiment 68 , — This reagent in 
dilute solution retards growTb, and' in stronger solution acts 
as a poison. The following results were obtained with,, a 
wheat seedling under different strengths of solution: — 

.. Norma! rate ' ■ 0*30 /x per sec. 

. ... 0*5 per cent, solution , 0*15 p „ „ 

2-0 „ „ „ ... 0 - 08 /* „ „ 

Copper Sulphate : Experiment 69 , — The effect of a solu-; 
tion of this reagent is far more /.depressing . than the last. 
One per cent, solution acting 'for a short time depressed 
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the rate from 0*45 p. to 0‘13 p per' sec. ' Long continnecl action 
of ', the poisonous solution kills the plao't , 

SXJMM ABY. 

The effect of a chemical agent is modified by the 
strength of the solution, the duration of application and 
the tonic condition of the tissue. 

Dilute solution of hydrogen peroxide induces an accele- 
ration of "growth. 

The action of dilute vapour of ammonia is a prelimin- 
ary enhancement followed by depression of growth. 

Ether vapour depresses the rate of growth. On the re- 
moval of the vapour there is a recovery of the normal 
rate. 

The effect of carbonic acid is a great enhancement of 
the rate of growth ; after this preliminary action, growth 
undergoes a decline. The effect described takes place 
equally in light or in darkness. 

Ccal gas induces a depression of the rate of growth 
from which there is a recovery after the removal of the 
gas. The action of sulphuretted hydrogen is far more 
toxic, the after-effect being very persistent. 

Solution of ammonium sulphide induces increasing re- 
tardation of growth, with the strength of the solution. 
Copper sulphate solution acts as a toxic agent, retarding 
the rate of growth and ultimately killing the plant. 


XIIL— EFFECT OP YAEIATION OF TUROOE ' AMD OP 

TENSION ON GROWTH 

Bij 

' Sir J. C, Bose. 


The movements of leaves of sensitive plants are caused 
by variation of targor in ‘the pnlviiins induced by 
stimnhis. The down movement or negmtim response' of 
Mimoui is. cansed by a diminution or negative variation, of 
turgor., while the erection or positive i espouse is brought 
about by an increase, or positive variation of turgor. 

' shall now investigate' the change induced in .a 
growing organ, in the rate of growth .by .variation of turgor. 
Turgor may be increased by e.nhancing the rate, .of .ascent 
of sap or by an artificial increase of, internal hydrostatic 
pressure. A diminution of turgor may, on the other hand, 
be produced by with'tirawai of water t,hrough plasmoiysis. 
In .order to' maintain a constant terminology I sliali desig- 
nate an increase, as the , positive,.' and, a diminution, .the 
negative variation of turgor. 

RBSPOKSE TO POSITIVE VAEIATIO.K .0,P, TITRGOR. . 

In experimenting with Jffmosa the plant was" subjected, to 
the condition of drought, Avater being., withheld for a; day. 
On supplying winter, the leaf, after a short ' period, 
exhibited a positive or ,, erectile „ movement (Expt , 1^). 
The delay was evidently due . to . the time taken :■ by ,, the 
water absorbed by root to reach ■ the responding ■ o.rgaii. 

Method of Irrigation : Experiment 7d.— In order to investigate 
the effect of enhanced turgor on growth, I took a specimen of 
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Kysoor whicli had been -dEg up with an attached quantity of 
soil this latter was enclosed in' a small bag. The plant was 
then securely clamped and fixed on a stand. This precaution 
was taken to prevent upward displacement by the swelling 
of the soil in flower pot of the plant under irxdgation. 
The specimen w-as Then subjected to a condition of drought, 
water being withheld for a day. The depressed rate of 
growth is seen in record (Fig. 70). Ordinary cold water 
was now applied at the root, the effect of 
which is seen in record C. Finally the 
record (H) was obtained after irrigation with 
tepid w^ater. It will be seen that the spaces 
between successive dots, representing magni- 
fied growth at intervals of ten seconds, are 
very different. While a given elongation 
took place under drought in 19 x 10 seconds, 
a similar lengthening took place, after irri- 
gation with cold water, in 13 x 10 seconds, 
and after irrigation with warm water in 
3x10 seconds. Irrigation with warm water 
is thus seen to increase the rate of growth 
more than six times, 

Fio. 70. — ^Effect of irfigation ; 1), record of growth under drought; C. 

accelerai ion after irrigation with cold water ; H, enhanced acceleration on irrigation 
with warm water. {S» Kpoor,) . ‘ 

The enhancement of the rate of growth on irrigation 
with cold water took place after seventy seconds. The 
interval will obviously depend on the distance between 
the root by which the water is absorbed and the region 
of growth. It will further depend on the activity of the 
process of the ascent of sap. The time interval is greatly 
reduced when this activity is in any way increased. Thus 
the responsive growth elongation after application of warm 
water was very much quicker ; in the case described it was 
less than 20 seconds. With regard to appiica^^^^^^ warm 
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water, tlie Yariatioii of teniperatTire should not lie loo 
siiiltleii ; it should commence with tepid, ami end with warm 
waiter. SwhJpfi application of hot wa:iter brings about certain 
complications tine to excitatorj effect. As regards the per- 
sistence of after-effect of a single application of w-arm 
waiter, it should be remembered that the absorbed water 
gradually cools down. In an experiment with a peduncle 
of Z&phuntnihe^ the growth under partial drought , was found 
to, be 004 |i, per second ; application of warm ^¥ater increased 
the growdh rate to 0*20 p per second. After 15 minutes the 
growth rate fell to 0*13 p per second ; and after an hour 
to 0*08 fi per second. It will be noted, that even then the 
rate was twnce the initial rate before irrigation. 


TABLE Xll.—EFFECT O.P IRRIGATION. 


Specimen. 

Condition of Experi- 
ment. 

Rate of growdh. 

Kysoi}r 

Dry soil 

Irrigation with cold 

0*21 per second. 


w^ater ... 

Irrigation with warm 

o-ao 11 „ 


water ... 

1 1 33 ,, 

' p€H.lu iicf e of Zephit 

Dry soil ... ' 

(H)i ii „ 

rmithes, . ., ' 

Irrigation with warm 



wateY ... 

j 0*20 ' 


■: BfFECT OF A.RTIF,ICIAl4 I3XGRBASE OF INT,lR,NA,Ii. 

HtBROSTATIC PRESSURE. 

Increased turgor was., next, ■ artificially .induced by increase 
of internal hydrostatic pressure. 

ExpetHmeni 71 .— The' plant was- mounted water-tight in 
the short limb of 'an TJ-tube,.- and. subjected to increased 
hydrostatic pressure by increasing- -the height of the water 
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ill the longer limb. Table XIII shows how increasing pres- 
sure eiiliaiaces the rate of growth till a critical . point is 
reached,, beyond which there is a depression. This, critical 
point varies in different plants. 

TABLE XOI.—EFFECT OF INCEEASED INTERNAL HYDEOSTATIC PBESS'URE , 


(Kysoor), 


Specimen. 

Hydrostatic pressure. 

Rate of growth. 


Normal 

0‘18 /X per second. 

No. I 

2 cm. pressure 

0*20 p ,, „ 


4 cm. „ 

0*11 ^ „ „ 


Normal 

0-13 „ „ 

No. II 

1 cm, pressure 

0-20 ja „ „ 


3 cm, „ 

0‘18 /A r )i 


4 cm. „ 

0*15 fx ,, ,, 


RESPONSE TO NEGATIVE VARIATION OP TURGOR. 

I shall now describe the influence of induced diminution 
of turgor on the rate of growth. 

Method of plcmnolysis : Expejdment 72. — Being desirous 
of demonstrating the responsive growth 
variations of opposite signs in an iden- 
tical specimen under alternate increase 
and diminution of turgor, I continued 
the experiment with the same peduncle 
of Zephyranthes in which the growth 
acceleration was induced by irrigation 
with warm water. In that experiment 
the growth rate of 0*04 /i per second 
was enhanced to 0*20 /i, per second 
after irrigation, A strong solution of 
KNOg was now applied at the root ; 

7i,— Effect of alternate increase and diminntion of turgor on the same 
specimen*: N,' normal rate under drought ; H, enhanced rate under irrigationVith warm 
water ; N', normal permanent rate after irrigation ; P, diminished rate after plasmo^ 
lysis (Zephyr^inthes). 
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and tlie growtii-mte fell .almost immediately to 0*03. ju. per 
secoiifl or nearly to oiie-fcliird the previous rate., the dc^pres- 
sion, iijihici‘d btjiiig greater than under condition o£ 

drought (Pig. 71). 


TABLE .Xir. — 15F.EECT OF ALTEENATE VARIATION OF TUROOR ON OEOWTIi 


{Zeplu^ranthes), 

1 Condition of Experiment. 

1 ' 

' ■ Rate of growth. 

Dry soil 

Application of Avarm water 

Steady groAVch after 1 hour 
Application of KNO., solution 

O04- ih per second. 

' 0*20 p. „ „ 

! 0*08 p, „ „ 

: 0-()3 /A „ „ 


Prom t!he senes of resnlts that ■ have been given, above, 
it wiii be .seen that employing very different methods of 
turgor .variation, the rate of growth, Avithin limits, is en- 
hanced by ail increase of turgor.' A diminution or nega- 
tive variation of turgor, on .the other ' haii«!, brings about 
a retardation or negatiA^e variation in. the rate of growth. 
We should, in this connection, bear in diiind the fact that, 
growth is dependent on protoplasmic activity, and the varia- 
tion of turgor itself is also determi'ned by that activity* 


RES,PO'NS.E ...Of , .MOTIL.B^ - AND GEOWINO ORGANS TO 
^ Of .TXJEGOR* 

I have already described '■ ,(p.: ' .40) the effects of varia- 
tion of turgor on the motile 'p.ulvinns of Ifimosa. There is 
a strict correspondence between -'the .responsive movement of 
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tlie leaf of Mimo$a and the ■ movement due to 'growth, 
which is summarized as follows:— 

( 1 ) , increase or positive vaination of turgor in-' 
'duces an erection or positive response of the 
leaf of Mimosa, and a positive variation or 
enhancement of the rate of growth, 

(2) A diminution or negative variation of turgor 

induces a fall or negative response of the leaf 
of Mimosa, and a negative variation or retarda- 
tion of the rate of growth, 

EFFECT OF EXTERNAL TENSION. 

Experiment IS, — The recording levers are at first so 
balanced that very little tension is exerted on the plant. 
Record of normal growth is taken of a specimen of Crinum, 
The tension is gradually increased from one gram to ten 
grams. The table given above shows how growth-rate in- 
creases with the tension, till a limit is reached, after which 
there is a retardation. 


TABLE XV. — EFFECT OF TENSION ON GROWTH. 


Tension. 

Rate of growth. 

0 (Normal) 

' ,4 ' grams ... , ... 1 

b ,, . „ ' ... .... ... 

S' '' ,5' '. *w 

m, ; ' ... . 

0*41 p per second. 

0*44 p ,, „ 

0*48 /X „ „ 

0*52 p „ „ 

0*40 p „ ,5 


SUMMARY. ^ 

Increase of turgor indnced by irrigation enhances the 
rate of growth. Irrigation with warm water induces a 
further augmentation of the rate of growth. 
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Till! latent period for €mbaiicem.e'nt , of growth depencls 
on the distance of gio^viiig region, from tlie root* . The 
latent period Is reduced when the p.laiit is irrigated with 
warm water* 

Artificial increase of internai hydrostatic pressure, up to 
a critical degree, enhances the rate of growth. 

A diminution or negative variation of turgor dep.resses 
the. rate of growth, 

IMiere is 'a strict correspondence between the responsive 
movement ' of ' the .leaf of Miniosa^ and the movem.ent due 
to gro-wth. All increase or positive variation of turgor 
induces an erection of positive response of the leaf of 
3fimosBj and a positive variation, or enhancement of the 
rate of growth. A diminution or negative variation of 
turgor induces a fall or negative .response of the leaf of 
IfimoBdj and a negative variation or retardation of the 
rate of growth. 

Exteimai tension within limits, enhances the rate of 
g.ro\¥th. 



XIV.— EFFECT OF ELECTRIC STIMULUS ON GROWTH 


By 

Sir J, C. Bose, 

Assisted by 
Gurufbasanna Das. 

In plant physiology, the word ‘ stimulus ’ is often used 
in a very indefinite manner. This is probably due to the 
different meanings which have been attached to the word. 
An agent is said to stimulate growth, when it induces an 
acceleration. But the normal effect of stimulus is to cause 
a retardation of growth. It is probably on account of 
lack of precision in the use of the term that we often 
find it stated, that a stimulus sometimes accelerates, and 
at other times, retards growth. In order to avoid any 
ambiguity, it is very desirable that the term stimulus 
should always be used in the sense as definite as in 
animal physiology. An induction shock, a condenser dis- 
charge, the make or break of a constant current, a 
sudden variation oP temperature, and a mechanical shock 
bring about an excitatory contraction in a muscle. These 
various forms of stimuli cause, as we have seen, a similar 
excitatory contraction of the motile pulvinus of Mimosa 
pudica. We shall enquire whether the diverse forms 
of stimuli enumerated above, exert similar or different, 
reactions on the growing organ. 

EB'FECT OF ELECTRIC STIMUIiUB OF VARYING INTENSITY 
AND DURATION. 

The form of stimulus which is extensively used in 
physiological investigations, is the electric stimulus of 
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iiiclHCfcion Bliock wMeh is easily graduated by the use of 
the well known sliding induction coil, in which the 
approach of the secondary to the primary coil, indicated 
by tlio higher reading of the scale, gives rise to 
increasing intensity of stimulus. The retarding effect of 
electrical stimulus on growth has already been demon- 
strated in record taken on ,a moving plate (Fig. 61). 

I shall adopt for unit stimulus, that intensity of electric 
shock which induces a barely perceptible sensation in a 
human being. It is very interesting to find, as stated 
before, that growth is often affected by an electric stimulus, 
which is below the range of human perception. 

Effect of Intensitu : Experiment 74.— 1 shall now de- 
scribe a typical experiment on the effect of intensity of 



t ut. 72.— Effects tif electrical stinmiua of increasing intenaitiea: of 0'2f> unit, 
1 unit, and 3 units. Sliort dashes represent the moments of application of 
stimulus. 
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stimiiiiis ill reiarcling the rate of ^growth. The normal 
rate of growth of the bnd of Gfimim was 0*35 ft per 
seconiL On the application of electric shock of unit inten-^ 
sity for 5 seconds, the rate became rednced to 0*22 ft per 
eecond* ^ When the stimulus was' increased to 2 nnits, the 
retarded rate of growth was 0*07 /a per second. When 
the intensity was raised to 4^ units, there was a complete 
arrest of growth. In figure 72 is given records of a 
different experiment which show the effects of increasing 
intensity of stimulus in retardation of growth. 

Effect of contimiotf^s stimulation: Experiment 75,— 
The effect of continuous stimulation of increasing in- 
tensity will be seen in the record (Fig. 73), taken on a 



Fia. 73.-— Effect of coiitinaotis eleofcm stimulatioii of increasing intensity. 
The last record exhibits the actual shorteniiig of the growing organ under 
strong stimulus. 

moving plate. On application of oontinuons stinmlus of 
increasing intensity an increased flexture -was produced in 
the curve, which denoted greater retardation in the rate 
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of fcrowtiu ^Vheii tlie Intensity' .of stiiiiiiiiis wm raised to 
3 Tinil-s, there was Induced aii .'actual coiitract loin , ; 

CONTINUITY BETWEEN INCIFIEKT AKO ACTUAL 
CONTBAC^TION. 

It wiil thus be seen, that exterua! BtIuiiiliiB of electric 
shock induces a reaction which Is , of opposite sign to 
the normal growtii elongation or expansion. We may coii- 
veiiieiitly describe this effect, as ‘ iiiclpleiit * coiitraction 
.for under increasing lixteiisity of stiniiiliis, tlie contractile 
reaction, opposing, growth .elongation,, becomes more and 
more pronounced ; at an intermediate stage this results 
111 an arrest of growth ; at the further stage, it culmin- 
ates ill an actu.a'l shortening of the organ. There is no 
break of continuity in all these stages, I shall, therefore^ 
use the term H*.oiitractlon ’ in a wider sense, including 
the ‘incipient* which finds expression, in , a retardation 
of growth* ' 

In Table XVI Is giTen the ■, results of certain typical 
experiments on the effect of stimulus of increasing inten- 
sity and duration. 


TABLE XVI.— KEEKOT OF IKTEHSITY AMD OUBATIOK OF ELEOTIUC STIMULUS 

ON GEOWTU. 



Kate of growth, . .. 

. ! . ■■■■■.., ■ 1 

i Xormal 

5 seconds limit, , .,.J 

„ ..*^^2 units ; ' .... 

1 ■ 5? . ' ; 4 ,, 

0*35 p. per second, ^ | 

0*22 F 'n « : i 

0 Oi F , IK ' , ■ IK . ' 

ArreBt of growth, . ,J 

i Normal 

Continuous stimu- 0*5 unit 
j lation 1 

j: ' ■' j ,n 

1 ' ■ ' ' '■ . ■ ■ ■ ■ ' ■■ 1 

0*30 per second, ' 1 
|,0-20|.,'„ ' „ ,. i 

1 0*09 p ,d"" '„ "■■■ 
i C Contraction, 
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Witli regard ,tO' the question of immediate and after- 
effect of stimnlns, I diid great- difficulty in drawing a 
line of demarcation. Owing to physiological inertia . there 
is a delay between , the application, of stimulus and ' the 
initiation of responsiYe reaction (latent period); owing : to 
the same Inertia, the physiological reaction is continued 
even on the cessation of stimulus. Ail responsive 'reactions 
are thus after-effects in reality. The latent period is 
shortened under strong stimulus, but the contractile reaction 
becomes more persistent. When the stimulus is moderate 
or feeble, the recovery from incipient contraction takes place 
within a short time. Stimulus, under certain circumstanoes, 
is found to improve the ‘ tone ’ of the tissue, and as we 
shall presently see bring about, as the after-effect, an 
enhancement of the rate of growth. 

The effect of electric stimulus is thus an incipient 
or actual contraction. 

SUMMARY. 

Ill normal conditions electric stimulus induces an inci- 
pient contraction exhibited by the retardation of the rate 
of growth. Growth is often affected by an electric stimu- 
lus which is below human perception. 

Under increasing intensity of stimulus, the contractile 
reaction opposing growth elongation becomes more and 
more pronounced. At a critical Intensity of stimulus 
growth becomes arrested. Under stronger intensity of 
stimulus growing organ undergoes an actual sliortening in 
length., ■■ 

There is continuity between the incipient contraction 
seen in retardation, arrest of growth, and contraction of 
the organ under stronger stimulus. 

The latent period ' of ■ responsive variation: of ^growth 
is shortened under stronger ■ stimulus, , but the - period of 
recovery becomes protracted. 



SV.— IFFECT 0¥ MECHANICAL STIMULUS ON 

OROWTH. 

% 


siE j. a bobe. 


AiiiongBt the irarioiis. stimuli which fuel ace excitation in 
Jlimosa may be nieiitloiiad the irritation caused by rough 
contact, by prick, or wound. Bhictiou causes luoilerate stimii- 
latiou, from xxhieli the excitated pulviuus recovers within a' 
short time. But a prick or a cut Induces a far more in- 
tense and persistent excitation. ; the recovery beco.mes p,ro- 
tracted, and the wounded ■ puivinus remains contracted for 
a long period. 

I shall now <,lescribe the effect of mechanical irritation 
on growth. For moderate stimulus, I e,mp.Ioy rough con- 
tact Of ..Erlotioa ; more intense stimulation is caused, by a 
p.rick ' or a cut. ' 

MWmOT OE MEOHAKICAh lERITATION. 

Experimmi 76,— In this experiment, I took a peduncle 
of E&phi/mnthes, which had, a normal rate of growth of 018 p, 
per second. I then caused mechaiilcai irritacioii by rub- 
bing the surface with a piece- of .card-board. The mecha- 
nical stimulation was found' to have caused a retardation of 
growth, the depressed rate .being 0*11 p .per second, or three- 
fifths the normal rate. As .this.-par.ticiila.r mode of stimula- 
tion was very moderate, the ^normal of rate growth was 
fouiul to he restored after a short' period of rest. After 15 
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minutes, the rate became 0-14 fj. per second; after an 
hour the recovery was complete, the rate being now 
O’lS per second, the normal rate before stimulation 
T4n). We shall presently see that not only is the 
growth rate greatly depressed under intense stimulation, 
but the period of recovery also becomes very much pro- 
tracted. 

I have often been puzzled by the fact, that sped mens 
appamitiy vigorous exhibited little or no growth, after 
attachment to the recorder. After waiting in vain for an 
hour, I had to discard them for others with equally un- 
satisfactory results. One of these specimens happened to be 
left attached to the recorder overnight, and I was surprised 
to find that the specimen, which had shown no growth the 


N F A N W A 


Fie. 74. — (a) N, normal rate of growth j F, retarded rate immediately after 
friction; A, partial recovery after 16 minates. 

(5) N, normal; W, immediately after wound; C, an hour after. 
(Saccessive dots at interval a of 5''.) 

previous evening, was^ n vigorous growth after 

being left to itself for 12 hours, I then realised that the 
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i.eiiipcirary abolilloii of growth must lia¥e been cltie to the 
Irritation of somewhat rough, handling ' during the process 
of iiimnitiEg and aitacliinent of. the specimeii to the rtumnler. 

In the niatt'c‘1* of niechaiileal stimtilar.i.O!i, soint? Kpeeiiiieiis 
are more irricahie than', others. The persisioiici^ of after* 
atFect of ir,ritatioii in retardation of growth will be ihmioii- 
strated in tlie following experiments, where .the stimnlns 
employed was more intense. 


EFFECT OF WOUKB. 

A prick causes .an' Intense excitation in Mimosa, I tried 
the effect of this form of stimulatio.n on responsive varia- 
tion in growth. 

77 .-- Th ^ whs the same as hail been, 

employed In the' .last expe.rim6iifc.. ' 'A.f:tar moderate stininla* 
tion due to friction it had, in the .course of an hour, com- 
pletely recovered its normal rate .o.f growth of (M<S p. per 
second, I now applied the stimuUis 'of pin prick; tlie actual 
injury .tn the tissue due to this was relatively slight ; but the. 
retardation of growth Induced . by. this more inteoHe mode 
of Htimiilatioii was vary great. '■ With moderate mechanical: 
friction the rate had f alien. 'from 0A8 p to OTl /i per. 
second,' i,e,j to three-fifths the; normal rata; in consequence 
of prick the depression wa's. fro.m 0T8 p to 0*05 p per 
second, i.e,, to less than a thi.rd. of the normal rate. After 
15 minutes the rate recovered from 0*05 p to 0*07 p per 
second. After moderate friction ■■ the ^. recovery was complete 
after an hour; but in this. -case the recovery after an 
equal interval was only throe-fourths of the original, the 
rate being now 0*12 p per second (Fig. 33b). I next applied 
t.he more intense stimulus caitsed by a longitudinal cut, 



MBOHAKICAL STIMULUS OH GBOWTH 


203 


This caused a depression of growth rate to 0-04 /i per 
second, A transverse cut, I find, gives rise to a more 
intense stimulation, than a longitudinal slit. 


TAfir.B XVII. — EFFECT OP MECHAHICAE IBKIOATIOX AMD OF WOUSD 
OS GROWTH. 


{Zephyr an ihes.) 


Nature of stimiiiiis. 

Condition. 

Rate of growth. 

: Meclianicai frie- 

Normal rate ... 

0*18 per sec. 

tioii. 

Immediately after sli- 
malation 

Oil ft „ 


15 minutes after sti- 
mulation 

0*14 ^ „ 


60 minutes after sti- 
1 mnlation 

0-18 p 

1 

1 Prick with needle 

Normal rate 

0T8 p. per sec. 

i 

1 

Immediately after sti- 

1 : 

! 

mniation 

0-05 p „ 

j 

15 minutes after sti- 



mulation 

0-07 'p 


60 minutes after sti- 


mulation 

0T2 p „ 


The effect of mechanical stimulus on growth is thus 
similar to that induced by electrical stimulus. Moderate 
stimulus of rough contact induces an incipient contraction, 
seen in retardation of growth, the recovery being complete 
in the course of an hour ; but intense stimulation, induced 
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by woiiiiO^ giver? in.se to greater and. more persisteiifc retardation 
of growtli*. 

BUMMAEY. 

Meeliaiiical siiioiiliiH iiichiceB . incipient contmetioii or re- 
tardation of rate oC growth, t.lie effect Indiig Biniilar to tliat 
iiidiic-ed by eiectiic stimnlos. 

Stiiniiliis by eoiifcact or friction imliices a retardation 
wliicli is, re.iat4vely speaking, moderate. On . the cessation 
of stimnliis the normal rate of growth Is restored within 
an hcmr« 

Intense stiiiiiilation caused by the wound gives rise to 
greate,r and more persistent retardation «>f grcnvtli. 



XVI.— ACTlOJf OP LIGHT ON OROWTH 

By 

SieJ, C. Bobb, 

Assisted hy 

Gubuprasakna Das. 

The next subject of inquiry is the nomar effect of Hght 
on growth. I speak of the normal effect because, under 
certain definite conditions, to be described in a later Paper, 
the response undergoes a reTorsab The Orescograph is 
so extremely sensitive that it records the effect of even 
the slightest variation of light. Thus, as I have already 
mentioned, the opening of the blinds of a moderately- 
lighted room induces, within a short time, a marked 
change in the record of the rate of growth. The condi- 
tions of the experiment would thus become more precise 
if the growth-rate in the absence of light is taken as the 
normal. The specimens are, therefore, kept for. several 
hours in darkness before the experiment. Bat this should 
not be carried io the extent of lowering the healthy tone 
of the plant. 

I shall, in the present Paper, determine the characteristic 
response to light in variation of growth, the latent period 
of response, the effects of light of increasing intensity and 
duration, and the effects of the visible and invisible rays of 
the spectrum. 

METHOD Of BXPEEIMEUSrT. 

The plant w*as placed in a glass chamber kept in humid 
condition. The sources of light employed were 2 (1) an 
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ai‘C-lai:ti|3 with self-ivgiilatiBg- arrangenieiifc for securing steadi- 
ness of light, and (2) an incaadesceiit elect lic lamp* Two 
iiicliiietl mirrors were placed close 'beliiiid the speciiiiBii so 
timt it slionJil be acted on by light from all sides. 

KORMAb EFFECT OF LIG-HT. 

Experiment 78. — I shall first give records obtained bvitli 
Kysmr on the action of light. The first series exhibits the 
iiorinai rate of growth in darkness ; in the next tiie retard- 
ing effect of iight , is seen in the shortening of spaeiiigs^, as 

compared with the ^iiormal, between siiccessive, dots. The 
light was ■ next cut off and record taken 
once more after half an hour. Growth is 

now seen ' to have recovered . its normal' 

rate (Big, 75),' With regard to the after-, 
effect of light I may say in anticipation that 
there are two dilfereni results, wdiieh depend 
on the physiological condition of the tiss'iie* 
In a tissue whose- tonic condition is below 
par, the afte.'i>effect is. an acceleration but 
with tissues in an optimiiin condition, the 
iiii'i'iiediate after-effect is a . retardation of the' 
rate 'o.f' growth. ■ This is- sp-eclii,l'ly. the case 
wdieii:' the i'ncident light is of strong iiitensi.ty 
a'lid of long diiralion. 

Fig. i.i.—Korfoa! effect of light. H, normal B, retarded rate of, growth in' response 
to light *, K, recovery on cesi^atiou of -light.. 


BETBRMINATIOK OF . THE .bATMNT PE:EI0,D;' 

There is a general impression '..that it takes from several 
minutes to more than an hou.r",'for the iight to react on 
the growing organ. This underestimate must have been 
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clue to the want of sufficient delicate means of observa- 
tion. For my recorders indicate in some cases a response 
within less than 2 seconds of the incidence of light. 
This was found, for example, in the record of response 
given by a seedling of Cucurbita, to a flash of ultra-violet 
light. In the majority of cases the response is observed 
within 15 seconds of the incidence of light. 

Expei'immt 79 . — For the determination of the latent 
period, a record of the effect of arc light of 30 seconds’ 
duration was taken on a moving plate. It will be noticed 
(Fig. 76) that a retardation of growth was induced 



fm. 76.— Latent period aiid time-relations of response to light, applied at thick 
iinc. ■■ Snccesdve dots at.intermls of 6:sec.' ■ 

witMii 35 seconds of the incidence of light. The in- 
cipient contraction induced by light is thus similar to 
that intiuced by any other form of stlmuius. Growth 
became restored to the normal Yalue, 5 im antes after the 
cessation of stimulus. ■' 

EFFECT OF INTENSITY , OF LIGHT. 

Experiment SO.— I next studied the action of light, 
the intensity of which -was increased : in arithmetical 
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Tho intensity ' of white light mvm hj a 
lialf-watt iiicaiidesceiit electric;. lamp of 200 oainilo power, 
placoil at a iliHlance of a metre,. ,ig taken m the nnih 
Miieli feebler light would haye been siiflicleiit, Init it would 
have required iiinch longer e.xposiire. The iiiieri8it3r was 
increased by bringing the lamp nearer ihe plant ; marks 

were made on a horizontal scale so 
that the intensity of inoidcnit llghi 
increased at the suecessiye marks of 
the scale as 1 : 2 : 3 : and so on. The 
duration of exposure was same in all. 
cases, namely, 5 mi,iiutes. After each 
experiment suitable pe,riods of ' rest 
were allowed for the plant to recover 
its normal rate of growth. .Records 
in Fig. 77 -show ■IncreaBing retardation 
induced "by ■ stronger intensities .of 
light.- Table XYIll , gives the result 
of a different experiment, 

Fi.u, 77,--Action of ligkt of iiicreaBmg ' iEteaaitkH : 1.; 2: a i« rcfcardation 
of growfcli. 

TAiJLB xv!in — E ffect ok j.ioht of ikceeasinu .i'K'i. gss.rrY ' 

OK THE RATE OF UEOWTH. 



Intensity of 


0 (Normal) 

1 Unit 

2 „ 

„ 

4 „ 


Eafce of growtij. 


t)"47 p. per sec. 

0*28 p. „ 

0*17 p ,, 

0-10 p 

Arrest of growth. 


EPPBOT OP CONTINUOUS MGHT. 

Experiment 81 . — The continued effect of light of u.oderate 
intensity in bringing about increasing retardation of growth 
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will be seen ill Fi?. 78(6) side by side with the record of 
eflect of coatiniious electric stimulatioa (Fig. 78a) on 
growth. In both the cases the effect of contiiinons stimula- 
tiou is seen to be the same, namely, a growing retardation, 
which in the given instances culminated in 'arrest of 
growth. This is true of stimulus of moderate ■intensity 
Under a more intense stimulation the incipient contraction 
does not end in a mere arrest of growth, but the 
responding organ undergoes an actual shortening. 



Fra, 7S.“— Effects of continuous («) electric and (5) photic stimulation of 
moderate intensity, taken on a moving plate. 


BFFECTB OF DIFFERENT RAYS OF THE SPECTRUM. 

Different observers have foand* that it is the more refran- 
gll)le rays which exercise the greatest influence upon growth 
and tropic curvature. The relative effects of different lights 
will, however, become more precise from the curves of re- 
sponse to the action of different rays. For this purpose, I 
first employed monochromatic lights from different parts of 
the spectrum, produced by prism of high dispersion. In 
practice, the usual colour filters were found very con- 
venient, as they allowed the application of more intense 
light. A thick stratum of bichromate of potash solution 

Fliysiology of Plants — ^Vol. IL, p. 101 (English Translation). 



Fig. 79.—B, nornuil. B, efect of, blue ligbfe, and of nlferu-fiolei light, 
The records are on a moving plate* 


210 um mmEmmTE myisA^T^ 


rerl rays, a thinner' stratum alloweO the trang- 
iiiission, of yellow in addition ; ammoniated copper siiI- 
phate soiiitfoii aliowecl the ' blue and , violet rays to pass 
fliroiFi^h* It slnmld be 'borne in mind that certain coiiipth 
eaiiii«4 factors are iiiirodneed by -.the incidence of light on 
the organ ; there may be a slight rise of the teiiiperafnre. 
We have seen however that moderate rise of temperature 
iixdiiees an acceleration of the rate of growth (p, 175). I shall 
later describe other experiments wiiioh wdll demonstrate the 
antagonistic effects of light and 'warmth on grow.th. 
Warmth again may induce a ''certain amount of dessicatioii, 
but this is rediiceil to ..a minimum by inaint'ainiiig the 
plant-ehamber in a humid condition. The heating effect of. 
the red is, relatively sp.ea'king,- much greater than that of 
the blue rays.. But in spite of this it Is founcl. that while 
red rays are practically ineffective, the blue rays are most 
effective in in<locing responsive., retardation of growth. 

EJfect of red and ffellow light— Them rays had little 
or no effect in inducing . variation of .growiJn 

Kffetd of blue hghi : E.eperifmHi 82 .~The blue rays exert* 
ed a marked retarding effect - on g.rowtln .Light was applied 
for 34 seconds and retardation was Initiated within .14 
seconds of the incidence of' light, , and the retarded rate 
was two-fiftliB of the normal' (Fig., 7911). 
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: Effect ■ 0 f nUra-violet ■ light : Experiment ^5,— Ultra-violet 
light was obtataed ' from a. quartz mercury vapour lamp. 
'Tbe effect of this light ia ■ retardation of growth was very 
marked* Eesponse ; was induced ' within 10 seconds, the 
maximum retardation being one-sixth of the normal rate 
(Fig*',7W). 

Effect of infra-red rays : Experiment 84.— In passing 
from the most refrangible ultra-violet to the less refrangible 
red rays, the responsive retardation of growth undergoes 
a diminution and practical abolition. Proceeding further 
in the infra-red region of thermal rays, it is found that 
these latter rays become suddenly effective in inducing 
retardation of growth. 

A curve drawn with the wave length of light as abscissa, 
and effectiveness of the ray as ordinate shows a fall towards 
zero as we proceed from the ultra-violet wave towards 
the red ; the curve, however, shoots up as we proceed 
further in the region of the infra-red. In connection with 
this it should be remembered that while the thermal rays 
induce a retardation of growth, rise of temperature, up 
to an optimum point, gives rise to the precisely opposite 
reaction of acceleration of growth. 

The relative effectiveness of various rays on growth will 
be seen more strikingly demonstrated in records of photo- 
tropic curvature to be given in a succeeding Paper. 

SUMMARY. 

The normal effect of light is incipient contraction or 
retardation of the rate of growth. 

The latent period may in some cases be as short as 
2 seconds. In large number of cases it is about 15 seconds. 
The latent period is shortened under stronger intensity of 
light. 


16 
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loereas^iiig i ii tensity : of light;- iiicl-iices Increasing rt^tarda- 
tiofi ami arrest of growth. ' Under 'contiiitied iiction of light 
of strtiiig intensity the, growing o.rgan .may iiiniergo an 
acliiai siiorteiiiiig. 

Ill these reactions the aetion of' stiniirlris of light resemi- 
l)i€« the eil'ects of electric and meehaiiical stiinoil. 

The ultra-violet rays indnee the most intense reaction 
ill retartlation of giaiwrli. ' The less refrangible yellow and 
red rays are practically ineffective. But the infra-red rays 
induce a marked retardation of growth. 

"The*. etlvK^ts of' ligiit and warmth are .antagonistic. T,h6 
former .induces a retardation and the latter an acceleration 
of growth. ■ 



XVII.— EFFECT OF INDIRECT STIMULUS ON GROWTH 


By 

Sm J. C. Bose, 

Assuted by 

Gurupbasanna Das. 

It has been shown that the direct application of stimulus 
gives rise in different organs to contraction, diminution of 
turgor, fall of motile leaf, electro-motive change of galvano- 
metric negativity, and retardation of the rate of growth. I 
shall now inquire whether Indirect stimulus, that is to say, 
application of stimulus at some distance from the respond- 
iug organ, gives rise to an effect different from that of 
direct application, 

MECHANICAL AND ELECTRICAL RESPONSE TO INDIBBCT 

STIMULUS. 

I have already described the effect of Indirect stimulus 
on motile organs (p. 136). A feeble stimulus applied at a 
distance was found to induce an erectile movement or posi- 
tive response of the leaf oi JItmosa or of the leaflet of 
Ai^errhoa. This reaction is indicative of increase of turgor, 
an effect which is diametrically opposite to the diminution 
of turgor induced by the effect of Direct stimulus. It was 
also shown that an increase in the intensity of Indirect 
stimulus or a diminution of the intervening distance 

16 A 
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Fiit. 80. —Electric response of Muaa (o) Positive, (6) diphasic, (c) negative. 
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i.inirighi ai)Otit ' a cliphasio- refeponBe, positive followed by 
negative. Direct BlIimiliiB ■ gave rise 0'iily , to a iiegat;ivf3 
i^espoiise. 


Eie^:irie to Indirect stim.ulus.—l liave' already 

expiaiiieii how an identical ' reaction' lliicis cliverse , .ex- 
pression ill mecha'iiical and eleeirical . response, or. in r.espoii- 
sive variation of the ra'te of growth. It is of interest in 
this comiection to state tiiat .my attention was fi..rst directed 
to the cliaracte.ristie cliifereace between the effects of Direct 
anci Indirect stiiiiiiliis from the study of ■ electric response 
of vegetable tissues. I tound. that while Direct stimulus 
induced negative electric response, Indirect stimulus gave 
rise to a positivtv response. The .clue thus .obtained led 
to the discovery of positive mechanical response , under 
Indireei' siim'uius. 


Experiment ' 85 , — The records ' given ' 1.11 ,Fig. ■ 80, e.xhibit 


the electric response given by vegetable tissues. On applica- 
tion of feeble BtimuIiiB at a distance from the responding 
point, the response was by galvanoinetrio positivity. Under 
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stronger, stimiihis the response' became diphasic, „ positive 
followed 1)3" negative. Direct ■ stimnliis induced a negative 

response,. . , , , , _ ■ , 


VAEIATION OF GROWTH U.NDBR, I.N’DIRSOT STlMHhTTS. ■ . 

Since the responsive reactions of growing and non- 
growing organs are, as we shall find later, fundamentally 
similar, I expected that Indirect stimulus would give rise 
in a growing organ to an effect which would he of oppo- 
site sign to that induced by Direct stimulus— an acceleration, 
instead of retardation of growth ; that would correspond to 
the positive mechanical and electrical responses to Indirect 
stimulus given by pulvinated organs and by ordinary 
vegetable tissues. The account of the following typical 
experiment will show that my anticipations have been 
verified. 

Experiment SB . — I took a growing bud of Crinmn and 
determined the region of its growth activity ; lower down 
a region was found where the growth had attained its 
maximum and may, therefore, be regarded as indifferent 
region. I applied two electrodes in this indifferent region 
about 1 cm. below the region of growth. On application 
of moderate electric stimulus of short duration the response 
was by an acceleration of growth which persisted for nearly 
a minute, after w^hicb there was a resumption of the 
normal rate of growth. In this particular case the inter- 
val of time between the application of stimulus and the 
responsive acceleration of growth was 12 seconds. The 
interval varies in different cases from one second to 20 
seconds or more, depending on the intervening distance 
between the point of application of stimulus and the 
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mspoiuliiig region ■ of growth. I give ,, a record (Fig. ' 81) 



Pig* 81 .— Eifr-ct of Indiroci and Direct stimalii*^ on growth of ffrin’un, taken 
on a mo^drig plate. Dotted arrow shows application of It direct stimulus with 
consequent acceleration of crow-th. Direct applicatk,n of stimulus at the second 
arrow iiicinces contraction and 8nbsec|uenfc retardation of rate of growth. 
Successive dots are intervals of o'''. iMagnidcation 2,CM>d time>). 

olitaiiied in a diO'ereat; ■ experuiient; which sho’ws in ^ an 
identica! specimen, (1) an ;accBleratioii of gro%vtir aader 
Indirect- and (2)' a retardation of.; growth under Direct 
stimiiiiis. 


TABLK XSX — ACrKLEliATlKO K^FEClt Itp' IxaCEKCT^ XTIlliLPS. 
. GEOWTH iCrmum), 


Specimen, 

Condition of eKperlment, 

Rate of growth. 

I 

" 

Normal 

0-21 /* per second. 

i," , 

After Indirect' stimnlas,..- 

0-26 ^ „ „ 

1 

n 

Normal 

0-25 /X „ „ 


After Indirect atimalus*,. 

o-:jO/* „ „ 

i 
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.. It ; is ;tliuS' seen that the-' effect ^ ofMiidirect stimulus 
on growth-^ariatioa is.; precisely ' parallel' to that obtained 
with the: , response, of sensitive .plant ; that is to say, 
the effect iiidnced by a feeble stimnlns applied at a 
distance from the growing region is a positive variation or 
acceleration of growth. The effect becomes converted into 
negative or retardation of growth when the stimulus is 
Direct, Le,^ when applied to the responding region of growth ; 
under intermediate conditions, the growth-variation I fftid 
to be diphasic, a positive acceleration followed by a negative 
retardation. This is found true not merely in the case of 
a particular form of stimaliis but of stimuli as different 
as mechanical, thermal, electric, and photic. 

I shall in a subsequent paper formulate a generalised 
Law of Effects of Direct and Indirect Stimulus. Prom the 
experiments already described it is seen that : 

Direct sUmultis Induces negative variation ot targor^ 
€ontraGtiQ7%^ fall of leaf of electric change 

of galvanometrlc negativity^ a^id retar datum of 
the irate of gi^owth. 

Indirect stimulus indtices positive variation of turgor, 
expansion, erection of leaf of Mimosa, electrical 
change of galvanometric positivity, and accelera- 
tion of the rate of growth. 

It is seen that Indirect stimulus gives rise to dual reac- 
tions, seen in positive and negative responses ; of these the 
negative is the more intense. When the intervening distance 
is reduced, the resulting response becomes negative ; this is 
due not to the absence of the positive, but to its being 
masked by the predominant negative. From the principle of 
continuity, this will also hold good in the limiting case, 
where by the reduction of the interveniag distance to 
zero, the stimulus becomes Direct. In other words, Direct 
stimulus should also give rise to both positive and nega- 



2iH LIFE MOVEMEKTB-;IN FMKTS ' 

live reaet*L'»iis* Of. these the positive :■ is, iiiasked ' bj, the 
predomiiKiiit negative* : ■ 

8o nineli for thcniry ? ■ Is, ■ it' possibia. to iiiiioask the 
coirtaiiieil poftitrve in the ,rastiitlng . negative response iiinler 
Direct sthiiniiis ? This important aspect of the subject 
will Im 3 dealt with in the following Paper. 

SUMMAHT. 

The, application of 'Direct stimn'Ins gIveB rise to an 
electric response of galvaiiometnc negativity. The applica- 
tion of .stiniiiiiis at a distance from the^ responding point, 

Iiidirect stimiilns, gives rise to positive electric response. 

The meolianical responses of sens!ti%^e plants also exhi- 
bit ,siiniiar effects, ieL, a negative response under Direct, 
and' positive respoiise under Indire.ct stimulus. 

In the responsive variatiop of growth, Direct Btimuliis 
iadiiceB a retardation, and Indirect stimulus an acceleration 
.■of the rate of growth* 

The cdfects of Direct and Indirect, stiuiiilus. on vege- 
table organs in general are as follows.; . 

Dirc^ct Bllmuhis Induces negative variation of turgor, 
coruraction, fall of leaf of Mimosa, electric 
change of gaivanometric negativity, and retarda- 
tion of the rate of growth. ■' 

Indirect stimulus induces positive variation of turgor^ 
expansion, erection of leaf of Ifimosa, electrical 
change of galvanometric positivity and accelera-. 
tion of the rate ‘of growth..' .' ” 



XYIII*— RESPO a ROWING ORGANS IN' STATE 

OP SUB-TONICITY 

Btj 

Sir J* C. Bobk, 

The norma! response of a growing organ to Direct 
stimoiiis is negative, that is to say, a retardation of the 
rate of growth. This is the case under forms of stimuli 
as diverse as those of mechanical and electric shocks, and 
of the stimulus of light. 

ABNORMAL ACCELERATION OF GROWTH UNDER STIMULUS. 

After my investigations on the normal retarding effect 
of light on growth, I was considerably surprised to find 
the responses occasionally becoming 1 ^ 05 ? an acceleration 
instead of I'etardation pf growth. I shall first give accounts 
of such positive responses and then explain the cause of 
the abnormaiity; 

Ah Horn ml accele ratio ri under stimulus of light: Experi- 
ment 87 , — A rather weak specimen of Kysoor was exposed 
to the action of light of 5 minutesV duration. This induced 
an abnormal acceleration in the rate of growth from 0*30 
p, to 0"4() /A per second. But continuous exposure to light 
for half an hour brought about the normal effect of retar- 
dation, In trying to , account for this abnormality in 
response I found that- while specimens of Kysoor in a 
vigorous state of growth of about 0*8 jx per second 
exhibit normal retardation of growth under light, the 
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parti<*.iilar speeiiir^ii wliicli ejchibited. tlie aliiiormal positive 
respcm.so liaii ii iiiiieli . .feobler rate; of ^growtli of 0*30 ^ 
per second. As activity of -giowth in a plant is nil index 
of Inniltliy toiie^ a feeble rate of growth iiiOBt be 

iiiilicauve i)t loidcity beLowy pat. The fact that plants hi 
siib-tiniic conitltioii exhibit . . abiiorma! acceleration of 
growth under sfciinaiiis will be seen fnrtlier fleiMonstrated 
in the next experiment. 

Ill the parallel phenomenon of the response of pnl- 
viiuited organs we foand that under condition of sub- 
tonicity^ the response becoinea positive, and that this abnor- 
mal positive is converted. ' into normal negative in , con- 
sequence of repeated stimulation. Tii gnnvtlp resp(>,ose 
iikewisB the abnormal accelaratloii of growth under light 
in the sub-tooic specimen of. Kysoor was converted into 
normal retardation after continuous Btinnilation for half 
'an hour. From tha facts given .above, we are Justified 
in drawing the following conciusions ; 

(1) That wliile liglit induces a rdardalmn of growth 
in a tissue whose tonic con-dition is normal or above par, 
it brings about an tiecehndloH in a tissue wdiose condi- 
tion is ladow par, 

(2) That by the action of' the stimulug of light itself 
a sub-tonic tissue is raised to a condition at par, with the 
concomitant restoration of ..normal mode of response by 
retarxlatlon of growth. 

Another important question, arises in this connection : 
Is the restoration of normal response due to light as a 
■ form of Btimuhis, or to it^ • photo-synthetic action ? An 
answer to this is to be fo.und from the results of an 
inquiry, whether a very difi'erent form of sfcimuliia which 
exerts no photo-synthetic action, such as tentanlBlng electric 
shocks, also induces a similar acceleration of growth in a 
sub-tonic tissue. 



RBSBOHSB OF- BUB-TOHIC TIBSCTS^;^^^ 221 

TIi 6 iioTmai retarding ■ effect of electric stimiilns- on 
specimens In . active state ■ of growth. . was /demonstrated 
ill record given in Fig.^ 72,. where ..the -normal rate was 
fonad' greatly reduced after stimulation. 

Ahnorjnal acceleration of grotvth under electric sthmiliis ; 
E^cperiment 88* — For my present purpose I took a 
sub-tonic specimen of seedling "of wheat, its rate of growth 
being as low as 0*05 fx per second. After electric stimula- 
tlon the rate was found enhanced to 0*12 /t per second, 
or about two and-a-half times. I give (Fig. 82) two records 


s 


N 


Fig, 8*2.—Enliancement of rate of grnw'th iu sub-tonic specimens of wheat; 
seedling. First series of record on stationary, second series (&) on moving plate 
US’, record before stimulation. S, after stimulation. 

obtained with two different specimens. In the first, the 
record was taken on a stationary plate (Fig. 82) ; the 
closeness of successive dots in N show the feeble rate 
of growth of the sub-tonic specimen, the wider spacing 
after stimulation, S, exhibit the induced enhancement of 
growth. 
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In the seeoiiii expermient the . records (Fig. H2/i) were 
taken on a iiioviiig plate. The specimen was so extreme! j siib- 
toiilc, that its iioniial record N appears almost horizoiitah 
The greater erection of the curve, B, after stiiinilatlon 
deiaoiisfcrares the iiiihicetl 'acceieratton of growth, 

TABLE XX, — ^ACXJELEIiATlOX OF GROWTH' BV STIMUtOS IN SlIB~TONiC 
' SPEOIM'ENS. 


Specimen, • 

Stiiimius, 

] 

Rate of growth. | 

1 

Wheat seedling 

Normal 

0*05 ^ pe.r sec. 


After electric Btimulation 

0 12 ^ ■ ,, ,, 

Kysodf ' , 

1 Normal : 

0-30 fi per sec. 


. After. 5' exposure to light , 

0'4() fi „ „ 


'KV 

,, t..iv „ ,, 

i : 

0-27/. „ „ 


Ill iiiy previous Paper, on the .-PModlfying Influence of 
Tonic (joiiditioii ’ I showed ■ that ■' while the response' of 
the piiiiiary pulvinus of Minima In normal condition is 
negaiim, i,e,, by contraction, diminntion of tmgor, and fall 
of the leaf, the response of a sul^tonie specimen is 
that Is to say, by expansion, enhancement of tnrgor, and 
erection of the leaf. I have shown further that in a 
sub-toiiic specimen the action of stimnins itself I’aises the 
tissue from below par to normal or even above par, with 
the conversion of abnormal positive to normal negative 
■response.' ■ ■.; 

I have in the present ■ Paper shown that a parallel series 
of reactions is seen in the. response of growing organs. 
In vigorously growing specimens the action of stimulus is 
■ii€gaifvp<, i.e., incipient contraction, diminution of turgor, 
and retardation of the ■ rate of growth. But In sub-tonic 
specimens, with enfeebled rate 'of growth, the effect of 
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siiBmlBS IB positive^ by ; expansion, enbancement of 

turgor, and acceleration ,of the rate of growth. 'Continuous 
stiiniilation also raises the sub-tonic growing tissue 'to a 
condition at par, converting the response from abnormal 
positive to normal negative. ■ 

It ■ was also explained that every stimulus gave rise to 
dual reactions, positive and negative, and that in a highly 
excitable tissue the positive is masked by the predominant 
negative. The positive, or A-effect, is generally described 
as a ‘‘buildifeg up” process. By choosing a sub-tonic 
specimen, I have been able to unmask the positive, A. 
In the case of sub-tonic growing organs the positive, A, 
is literally a building up process, giving lise to an accelera- 
tion of growth. 

From these facts and others given previously it will 
be seen that the abnormal response of acceleration of 
growth under stimulus is by no means accidental or 
fortuitous but is a definite expression of an universal 
reaction, characteristically exhibited by all tissues in a 
condition of sub-tonicity. 

CONTINUITY BETWEEN ABNORMAL AND NORMAL 
RESPONSES. 

A given plant- tissue may exist in widely dilferent 
conditions of tonicity. Let us take two extreme condi- 
tions, the optimum and the minimum. The tonic leveh 
will be at its lowest at the minimum, where growth 
will be at a standstill. The range between the optimum 
and minimum will be very extended ; hence strong 
and long continued stimulation will be necessary to raise 
the tissue from the tonic minimum to the optimum 
level. There are innumerable grades of tonicity between 
the optimuB} and mimmum.^^ this wide range the 

characteristic response will be the abnormal positive. As we 
approach the optimum, the range for positive response will 
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hecoitie c I scribed, aiKi/the liitenaity .and, diiratloii' ■ .of 
siiitiiiiiia necessary to convert ■' the positive . to negativ€3 will 
lie feebler am! sliorter. ' It' ' will be very scddorii that a 
Ijlaiit is likely to be. found. ' at the optlmmin Hence 
plants in geiierjil may be expected -.to , give a feelile positive 
response under sub-minima.! stimulus. . . 

These considerations led . .me to look fo.r the positive 
response uiuier sub-minimal stimulatiou ; the tracings 
which I have obtained wvith my highly sensitive Cresco-,. 
graph and other recorders ■ show that my anticipations 
have been justified. 

Positim respmme stimulm:. .E^peri-' 

meni S9 . — In norma! ' specimens, . light of strong intensity in-' 
diices' a ' retardation of .growth. When the source of light 
is placed at a distance,, the.' intensity,: of,' light 
undergoes great diminution. Under the action of such 
feeble stimulus I obtained an acceleration of growth even 
in specimens which may ■ be ■ regarded .as moderately ' vigor- „ 
ouB (Fig, 8*1), Similar acceleration of growth was also 


Ficn Sa —Acceleration of growth under sub-minimal light htimulns. Record 
on moving plate; wtisnu]us( applied at 6th dot, and suhsequeot, erection of curve 
exhibits acceleration of growth, t&st part of cum fihows recovery of normal 
growth on cessation of siimnlns* 
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obtained under feeble electric stimulatioii. The response 
is reversed to normal negative by : increasing the intensity 
or duration of stiniulns. Very feeble stimulus thus in- 
duces an acoeieration and strong stimulus a retardation of 
growth, I have frequently obtained positive mechanical and 
electrical responses under sub-minimal stimulation. As 
chemical substances often act as stimulating agents, the 
opposite effects of the same drug in small and large 
doses may perhaps prove to be a parallel phenomenon. 

It has been shown that stimulus induces simultane- 
ously both A- and D-effects, with the attendant positive 
and negative responsive reactions, alike in pulvinated and 
in growing organs. A tissue, in an optimum condition, exhi- 
bits only the resultant negative response ; the comparatively 
feeble positive is imperceptible, being masked by the pre- 
dominant negative; but with the decline of its tone exci- 
tability diminishes, with it the D-effect, and we get the 
A-etfect unmasked, resulting response then becomes diphasic, 
111 extreme sub-tonic condition, it exhibits only the positive. 
The sequence is reversed when we begin with a tissue in 
a state of extreme sub-tonicity, which first exhibits only the 
positive. BuGceBslve stimulatioas continually exalt the tonic 
condition, the subsequent responses becoming, diphasic, and, 
with the attainment of optimum tone, a resultant negative 
response, As a further verihGation of the simultaneous 
existence of both A-and D-effecls, it has been shown 
that in ordinary tonic condition a sub-minimal stimulus 
gives rise only to positive response ; this becomes convert- 
ed into normal negative under molerate stimulation. 

I have described the action of stimulus on tissues in 
which, on account of sub-tonicity, growth has become en- 
feebled. I shall next take up the question of effect of 
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stiiiiiiiiis on tissues ill w1ik.b.-gro;wth5.' oii. aecotin oC extreme 
siib-toriiciiy,. lias been brouglif to . a slate .of staiidstllL 

SUMM.ABy. 

The iiioillfying in fine nee of fomc.. oonclitioii on. .reBponse 
is similar in polvinated ami growing ■organs, ■ 

Tlie motile organ of M.im(j$a in a coiiciition of siib-toiii- 
eitj, ex.liibit 8 a po.sitim respons-e, by expansion, increase of 
turgor, anti erection of the- leaf. Continuous stimulation 
converts the al)nornial positive to novmiil negative, 

III sub-tonic growing organs stimuhis likewise i,ncluces 
a jjositive response, by expansion, increase of turgor and 
acceleration of the rate ,of growth, Coiitinuo.iis stimulation 
converts the abnormal acceleration to ^ normal retardation, ■ 

Bub-inininial stimuhis tends ..to induce even in iioimal 
tissues, an acceleration of - rate of growth. Stimulus of' 
moderate inknisiry induces in ^ the sa'me, tiss-ue the ' normal 
retardation of growth. 



XIX,— RESUMPTION OF AUTONOMOUS PULSATION 
„ , AND OP GROWTH UNDER STIMULUS \ 

Sir J. C. Bose. 

Tht^ autonomous activity of growth is ultimately derived 
from energy supplied by the environment. The internal 
activity may fall below par with consequent diminution or 
even arrest of growth ; this condition of the tissue I have 
designated as sub-tonic. The inert plant can only be stirred 
up to a state of activity by stimulus from outdde ; and 
we saw that under the action of stimulus the rate of 
growth of a sub-tonic tissue was enhanced. 

As the general quesdon of depression of autonomous acti- 
vity and its restoration by the action of stimulus is of 
much theoretical importance, I shall describe experiments 
carried out on a different fnrm of autonomous activity, 
seen in spontaneous pulsation of the lateral leaflets of 
DcBmodhim gyrans. Under favourable conditions of light 
and warmth these leaflets execute vigorous movements, 
the period of a single pulse varying from one to two 
minutes. As the energy for this activity is ultimately 
derived from the environment, it is clear that isolation 
from the action of favourable environment wd 11 bring 
about a gradual depletion of energy with concomitant 
decline and ultimate cessation of spontaneous movement. 
For this we may keep the plant in semi-darkness ; we 
may further hasten the rundown process by isolating the 
leaflet from ' the parent plant., A leaflet, immersed' in water 
was kept in a dimly lighted room ; it was attached by a 

17 
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cocoon ilimiil to the recording lever of an Oscillating 
Recorder to Ih^ fully described in the next Paper. The 
pulsation coathuied even in this isolated eoiiditloii for about 
4H hours, after which the spcmtaneoiis nioveinent came to 
a‘ stop. Further exparimants showed that .the arrest of 
pulsation was not indicative .of mortality but. of " latent life® 
in a state of suspense, to .be stirred up again by shock 
stimulus into throbbing activity. ' 

' B.B?IV'AL 0,P, AtrTOKOM:OUS PULSATION UNDBK STIMULUS, 


Ej^perimsni 90. --In figure .-84, is a seen record ■ of the' 



Fun 81.— Reaexvsil of autonomous activity in Be$mo(iium tp/ram at standetill 
by action fif Up-curvt^ reareseutB .np-m.ovc‘fi::«}.iitv Thtt horlzcmtal lines below 

rerreKUit Uuratiotis of tnKpo^ure to light. 


action of light on the siib4onic leaflet at 
siancIstilL A narrow pencil.' of '' light from electric arc 
was first thrown on the lamina - in 'which the presence of 
chlorophyll rendered photo-synthetic ' action possible. This 
had no effect on the renewal -' of pulsation. But the 
autonomous activity ivas revived ; by the action of light on 
the pulvinule. This preferential ■■effect on pulviniile showed 
that the renewal of activity 'was due not to photo-syn- 
thesis but to the stimulating action of light. The pulsa- 
tion was also restored by chemical stimulants, such as 
dilute ether, and solution of ammonium carbouate. 


BBSUMPTIOK OF AUTONOMOUS ACTIVITY 


22-9 


As regards the action of light, the pulsatioji eoiitinned 
for a time, even on the cessation of light This per- 
sistence of aiitoriomons activity increases with the intensity 
and duration of incident stimulus, that is to say with 
the amomit of incident, energy. In the present case 
a duration of tive minutes’ exposure gave rise to a 
single pulsation, after which the movement of the leaflet 
came to a stop. The next application lasted for ten 
minutes and this gave rise to four pulsations, two during 
application, and two after cessation of light. The next 
application was for forty-five minutes, and the pulsation 
persisted for nearly an hour after the cessation of lights 
The experiments on sub-tonic specimens show clearly that 
the energy supplied by the environment becomes as it 
were latent in the plant, increasing its potentiality for 
■work. 

The renewal of autonomous activity in a sub-tonic 
tissue by the action of external stimulus, will be found in 
every way parallel to the renewal of growth in a sub-tonic 
organ. 

REVIVAL OF GROWTH UNDER STIMULUS. 

Renewal of growth under stimulus : Experiment 9L — 
I find that application of electric stimulus renews growth 
in specimens where, on account of extreme sub-tonicity 
growth has come to a state of standstill. The resumption 
of growth in grass haulms unvler the stimulus of gravity 
is a phenomenon probably connected with the above. The 
causes which bring about cessation of growth in a mature 
organ are uoknown ; that there is a potentiality of growth 
even ill a fully grown grass haulm is evidenced by the 
fact of its renewed growth under fresh stimulatioii. That 
this is not an exceptional phenomenon appears from . the 
record which I obtained with a fully grown style of 
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Daium (liba. I siibjeeted Ic to .perioclic stimulation, and 
obtained .from it , a series . of . contractile responses, . After 
.recovery from stimulus it regained its normal Imigt-h 
remained constant for some, time as seen, in tlie horizontal 
liase-iiiie. But as a resnlt:' of saccessive stimiiiat-lons, the 
mature style resiniied its growth with increasing aeceieratioii. 
This is seen in the recovery overshooting its form,er hori- 
zontal limit (Fig. 85), 



Fiin 8f».-~Eecar(i of rmpomch of a inakire. style in which growth ijad corae to 
a stop, i'p-carvc rIiowj^ coiifcract.km untler- 8t.imulos. .Eenewal of growth at sixth 
response, after which growth-elongation is shown, hy the trend of tlic base-line 
downwards* 

From the investigations that have been described in 
this and in the previous Papers an insight is obtained into 
the complexity of response arising from various factors. 
It has been shown that the sign of response is modified by 
the intensity of stimulus, by its point of application, and 
by the tonic condition of the responding tissue. The funda- 
mental reactions have been found to be essentially the same 
in pulvinated, in growing and non-growing organs. The 
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results described enable us to enunciate general Laws of 
Effects of Direct and Indirect stimulus on tissues in normal 
and ill sab-tonic condition. 

Laws of effects of direct and indirect stimulus,' ' 

1. THE EFFECT OP DIRECT STIMULUS IS NEGATIVE 
VARIATION OF TURGOR, NEGATIVE MECHANICAL AND ELEC- 
TRICAL RESPONSE, NEGATIVE VARIATION, OR RETARDATION 
OF RATE OF GROWTH. 

a, SUB-MINIMAL STIMULUS GIVES POSITIVE RESPONSE. 

b, POSITIVE RESPONSE IS ALSO GIVEN BY A TISSUE IN 

A SUB-TONIC CONDITION : CONTINUOUS STIMULA- 
TION CONVERTS THE ABNORMAL POSITIVE TO 
NORMAL NEGATIVE RESPONSE. 

C. AUTONOMOUS ACTIVITY IN A STATE OF STANDSTILL, 
MAir BE REVIVED BY STIMULUS. 

d. THE EFFECTS OF STIMULUS AND WARMTH ARE 
ANTAGONISTIC^ 

2. THE EFFECT OF INDIRECT STIMULUS IS POSITIVE 
VARIATION OP TURGOR, POSITIVE MECHANICAL AND ELEC- 
TRICAL RESPONSE AND POSITIVE VARIATION OR ACCELERA- 
TION OF RATE OF GROWTH. 

I have referred to the fact previously demonstrated, that 
while Direct stimulus induces contraction and retardation 
of growth, moderate rise of temperature induces the 
opposite effect of expansion and acceleration of growth. 
Further demonstraiion of the antagonistic effects of stimulus 
and warmth will be given in the next Paper. 

SUMMARY. 

The autonomous activity of pulsating leaflet ot ^ Desmo 
diu7n gyram' comes to a stop under depletion of internal 
energy. A cat leaf isolated from the plant maintains the 
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rhytliinic aetiviiy ; of its .leaflets for about 48. Iioiirs, after 
wliicli Is an arrest of inovemeiit* 

III tills state of snb-toiiiciiy the ■ 'arresteil aiitoBOinoiis 
activliv is reviveil uiuler the action . of' 'varion^ stiiiielL 
Thus iii4‘ inefilertce of light -on the piilTliitile initiates pulsa- 
tory iiioveiiunits, which persists .■ for a time even on the 
cessation of stiriinhis. This, persistence of autonomous activ- 
ity increases with tlie intensity and , duration of stiiimliis 
to which the, leaflet had been Bobjected. 

Ilie arresteil aiitonomoiiB activity of growth may often 
he revived by the action of siirnulos. Tliiis the arrested 
growth in a rnafiire style or Batura alba was renewed by 
electric siiiiinladoiu 



XX.--ACTION OF LIGHT AND WARMTH ON , : 
AUTONOMOUS ACTIVITY 

By 

Sib J. C. Bose. 

In the preceding Paper I have shown the essential simi- 
iarity of effect of stimulus on autonomous activity of the 
Desmodiiim leaflet, and of the growing organ. It was shown 
how stimulus revived the pulsatory activity of Desmodiim: 
leaflet in a state of standstill, in the same way as it re- 
newed the arrested growth-activity. 

THE OSCILLATING RECORDER. 

The investigation of this subject was rendered possible 
by the successful device of my Oscillating Recorder. A very 
light glass fibre was used for the construction of the lever, 
which was supported on jewel bearings. The short arm of 
the lever was 2 cm. in length, and the long arm 8 cm. 
This gave a magnification of 4 times. But it is quite easy 
to increase, the magnification to 10 times or more. 

The pull exerted by the pulsating leaflet is extremely 
slight, and the relatively heavy lever made of steel wire 
us.mI in the Resonant Recorder is hot well-suited for our 
purpose. The pulsation of the leaflet is relatively slow, 
being once in two minutes or so. The intermittent contact 
of ten times in a second, given by the Resonant Recorder, 
is therefore too quick. In the Oscillating .Recorder the in- 
termittence was, therefore, reduced to once in a second, or 
once in five seconds, the recording plate itself being made to 
move to-aiid-fro at this rate. The carrier of the plate- 
hoider slides backwards and forwards on ball bearings ; a 
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whei*i III the cinckwork ■ coBnecred with an eccentric w 
releaseii |:ierfeillcallyj al ,i.i3terva'.iB w.liicli may be varletl 
between one and live seconds. 'By the action of the eccen- 
tric, the plate carrier approaches tlie writing lever with., 
dhiiinishiTig speed till the movement is zero at the contact. 
This coriiri\ariee Is essential, ■ since any sudden shock of 
the plate against the lever is apt to, give rise to after-vibra- 
tions of the wndter,. , The plate carrier is qnlckly. with- 
drawn after the prodiietioii of a dot on the smoked glass 
plate by cioitact with the writing lever. 

dlie cdoekwork is governed by a revolving fan which 
can be gnulualiy opened out by a regnlatln,g ' screw, ■ The 
speed can thus l,>e ailjiisted within wide limits, and main-, 
tained constant and at any desired ,3peed. A second set of 
wheels conoecteil with the clockwork moves the plate-holder 
in a i.aterai directioin A series of records , may tims be 
taken for fifteen minutes, half an hour, or an, hour, 

T,he record obtained in this ^ way is very perfect. Not 
only is the ctlect of an .exiern,al agent shown by variation 
in the amplitude and frequency of pulsaticms, ' but the 
change of specai. In any phase of" the pulse becomes auto- 
matically reeordetl. 

RKCOED OF VLB ATIO^ , m ms MODI mi 

The whole plant can not be;- conveniently manipulated 
for. different investigations', , It Is, .-however, possible using 
the precautions described below^ to use the detached petiole 
carrying the pulsating leaflets,. The terminal large leaf may 
also be removecL The necessary amputation is often followed 
by an arrest of pulsation. But as in the case of isolated 
heart in a state of standstill, the movement of the leaflet 
may be revived by the application of internal hydrostatic 
pressure. Under these conditions, the rhythmic pulsations 
may easily be maiiilBined uniform for many hours. 
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Ttie petiole, carrying tho leaflet-, is motmted wateT-tight- 
in the - short arm of an U-tiibe •, filled with water; for pro- 
ducing internal hydrostatic pressure in ,the plant the , height 
of water in the longer arm is suitably raised.' The:' TJ-tube 
holding , the specimen may . be adjusted ■■ up and down, and 
laterally. A hinged support also allows the specimen to be 
placed at any inclination. The movement of the leaflet, it 
is to be remembered, does not always take place in a 
vertical direction. The object of the mechanical adjustments 
is to place the specimen at such an angle that its up and 
down movements when in a straight line shoiiid be vertical, 
or have its long axis vertical when the movement is 
elliptical. It is important that the specimen should be 
illuminated equally from all sides ; for one-sided illumina- 
tion causes a bending over of the leaflet towards light. 

The pulvinule of the leaflet acts like the pulvinus of 
Mimosa^ that is to say, the leaflet Undergoes a sudden Ml 
to down position by the contraction of the inore effective 
lower half of the pulvinule; the ‘up’ position denotes re- 
covery and expansion of the more effective half. The 
up-and-down movements of the leaflet correspond to the 
diastolic and systolic movements of the animal heart. 
There is, indeed, as I have shown elsewhere’* a very 
close resemblance between the activities of rhythmic tissue 
in the plant and in the animal. 

EFFECT OF BIFRUSE LIGHT ON PULSATION OF 
DESMODIUM. 

ExperimenU For the study of effect of light on Des- 
modiiim, I first obtained record in darkness. A horirjontal 
beam of divergent light from an arc ianip placed at a dis- 
tance of 200 cm. was made to act diffusely on the leaf from 
all sides. This was done by means of three inclined mir- 
rois, the first throwing the light vertically downwards, the 

Bosi:— Imtabillty of Plants— p, ‘i9o. 
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siieow! viniieallv iipwartk, and the third horizoiitall? for- 
want from the sid-‘ oppoglte , danteiii. The effect of 
ll^ht ih iLMiioiiHtrateti in Fig. H6., , 



B’lO, 80. —Effect af light cm pulsation of Dtsmotiium leaflet. Duration of 
application c»f light in rt»preseiitcd by the iioriuoutal line. Cp-cnrve reprej-ents 
diastolic axpansitui and dowioeurve i-yfttolie ccHitrJW^tion. Ih>ie con t rue t i h‘ * effect, 
of light in diiniiiutkm of amplitude and r dnetion of diaslolk limi of 

Light was applied at the seeond .piilBatioii, It will be 
Been thai light retards or arrests '■ the ' aiitOBomons activity. 
On the cimilioii of light the normal ' .activity wag fonnd 
to bo gnuinally restored. It is ..of . .rnneh interest to note 
here the similarity of action of ■■ light on antonomoag acti- 
vity of the leaflet of Desmoditim ' *a,ml of a growing organ. 
In both, we find that while .' in. the snb-tonio condition 
of the tissue the effect of light is. 'to enhance or renew 
the autonomous activity of growth and pulsation, in norma! 
condition the effect Is to retard 'it..-;. 

Inspection of the record exhibits another very interest- 
ing characteristic. We saw that light retarded growth by 
inducing mi Incipient contraction/' In the Demmdium 
leaflet the contractile reaction of light is exhibited hj the 
characteristic modification of its pulsations. The duration 
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of ■, application of light is, .■ represented by . the ;liorizDiital 
line,. In , Fig. 86 ,, the np-curve' represents : ■ np-movement- 
of diastolic expansion, and -the down-curve of. ,systo.iic, ^con- 
tractioii® The contractile reaction of light is seen to 
counteract the norma 1 expansion,- with diminution of .diasto- 
lic liiiiit of paisa tioii. . , ' . 

EFFECT > OB' " EISE OF TEMPERATUEE; ON ' FULSATION, ; ' 

It has been shown that .while, rise . of , teinperatnre ; tip fo 
an optimnm, ., enhanced- the'- rate',' of growth,, the effect'.- of 
light was - to ' retard , it. Hence the - effects of light and 
w.tirmth are . antagonistic.--' 

Effect of rim (f tem^ratme on : Experi- 

merit' Rfh— -111 - st'udy.lng -the effect of rise of temperature on 
the pulsation of leaflets of Desmodium, we discover siniilar 



B’ig. 87. — Effect of rise of temperature on pulsation of leaflet of Demodhun 
Horizontal line represents the duration of gradual ris«^ of temperature 
from 30^C. to 35^C. Note the expansive effect of rise of temperature in reduc- 
tion of systolic limit of pulsation* 

antagonistic reactions of light and warmth. The leaflet 
was placed in a plant-chamber with an electric arrange-^ 
ment for gradual rise of temperature. The first two 
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reconlg were taken la the Ta3iaaal ■.teiapenitiire of 
room, wliicli was 3tPC. The 'temperature was , graci.iially 
raised to the record ■ bemg takea all the time. It 

will he seen (Fig. 87) that the effect ■ of warmth is clla- 
ttietricaily opposite to 'that .of light. The record i,ii 
8f! exliibited the mnimcHU effect of 'light by re- 
ducing the diastolic limit of eKpauBioiu In the present 
case the expansive reaction of warmth is exhibited . by . the 
rediicticiii of .systolic limit of contraction. The temperature 
of the plant chamber was now ahowed to return to 3CPCa, 
and we observe the gradual re.storatlon of normal systolic 
limit of contraction. 


S'UM'MA'RY. 

Two tllffiereiit effects are -foand in the action of the 
stiriiubis of light alike on.', the . antonomoiis activity of 
leaflet of DesnenHuHi ami of g.rowlug organs. In 

Condition of sub-tonicity light: '.renews - pulsation of Desmo- 
iiiuni and enhances the activity of growth. In normal 
tonic conditkui the effect ■ ind.u'C8d is’- the very opposite, 
light causing an arrest of ■pnIsaMon .and. retardation or 
arrest of growth. 

The contractile effect of light Ts ■■ seen not only in .the 
retardation of growth, but also- :.'by'- the 'eharactaristic modi-. 
ficaiion of pulsation of UeBmodium in. the diiniautioa of 
diastolic limit of expansion.- 

The antagonistic reactions -of..: light and warmth are 
found not only in growth" .but . . also in the rhythmic 
activity of Dssmodium gyra ns. In the pulsation of Des- 
madium the contractile effect 'Of light induces a rapid 
dimmutlon of the dIastoUc.. iimit-.' ;: of ■ expansion, while the 
expansive reaction of warmth; .-brings about a marked 
reduction of the systolic limit in successive pulsations. 



XXL— A COMPARISON OF RESPONSES IN GROWING 
AND NON-GROWING ORGANS 

By 

Sir J. C. Bose, 

Assisiei by , 

Gubupeasanna Das. 

I have in the preceding- series of Papers demonstrated 
the effects of various forms of stimuli on growth. I have 
also given accounts of numerous reactions which are 
ex.traordinarily similar, in growing and non-growing organs. 
In fact certain characteristic reactions observed in motile 
pulvinus of and other ‘ sensitive ’ plants led to the 

discovery of the corresponding phenomena in growing 
organs. For fully realising the essential similarity of 
responses given by all plant-organs, growing and non- 
growing, I shall give here a short review of the striking 
character of the parallelism, 

1. The incipient contraction of a growing organ under 
stimulus culminates in a marked shortening of the organ. 

2. The similarity of contractile responses in growing 
and pulvinated organs. 

3. Similar modihcation of both under condition of 
sub-tonicity. 
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,4. Tlie u|fposito eff'ectB. of 'D-ifect and IiidircMdi Bllitiii- 
liis, botii in motile jind. in growing .organs, 

5, The exiiihitifoi by all plant-organs of aegaii^f* elec- 
irir respcnis** niider Direct, ami pmUim electric response 
under Indirect srinuilnst 

6, Similar , modification of ^ aiitoiio,moiis actiTity in 
Desmodmm gumns and in growing organs mider parii,ile.l 
conditions, 

7, Similar excitatory effects of various stimuli on pal-. 
vinated and growing organs., 

^ 8. Similar discriminative effects of different rays of 
light ,in excitation of motile and growing organs. 


CONTE ACTihB .RESPONBE OF GJiOWING. AND NON-GROWING' 

ORGANS. 

.1 In-ive sl:i,i„.»w',!,i (|>ag-:s ,198) that a growing i:>rg.a,i„! under 
silmiilns, "undergoes an incipient contraction as shown In 
the responsive retardation of its rate of growtli ; that this 
retardation IncreaseB with the Intensity of the incident sti- 
mulus till growth becomes arrested. Above this critical 
intensity the inductHi contraction eaoscs an actual shortening 
of the- organ. There Is no fneach of continnity in ilia in- 
creasing contractile reaction, which at various stages appears 
as a retardation, an arrest of growth or a marked shorten- 
ing of length of the organ.. 


CONTRACTILE RESPONSE OF FULVINATEIi AND GROWING 

OEGAKB.' 

MxpBrmieni order to show the striking Bimiliirlty 

between the response of ^sensitive* Mimmct and that of a 
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growing organ, I give a record (Fig. 8«) obtained with a 



8H. — Cantractilt; response of ^Towliig organ under electdic sboclt. Succes- 
sive dots at intervals of 4". Vertical lines below represent intervals of one 
minute. (Magtvlication IjOOO times.'} 


growing bad of Grinum under the stirnu Ins of electric shock 
above the critical intensity. The recorder gave a magnifica- 
tion of a thousand times. In Fig. 88, the normal growth 
elongation u represented as a down-curve. On the applica- 
tion of stimulus the normal expansion was suddenly reversed 
to excitatory contraction, the latent period of reaction was 
one second and the period of the attainment of maximum 
contraction (apex-time) was 4 minutes. The organ re- 
covered its original length after a further period of seven 
minutes and then continued its natural growth elongation. 
Repetition of stimuli gave rise to successive contractile 
responses which are in every way similar to the mechanical 
responses of Mimosa pudica. The essential similarity of 
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response of piilvinated ■arid growing organs %vill be seen' in. 
the fiillciwiiig tabular statement:'' 


TABLE XXf.—TlME RELATIONS OF MECtI A'NIOA'L RESrOX.SE OF PULflNATED 

^ GBOW'IKG 'OBOAKS* ^ 


, ■ 1 Latent 

Speomen. | 

Apex-time,. 

t 

Period | 
of recovery. | 

Motile piilviniw of JIbiiesa , ilT. ■ sec..^/ 

j ,3 secH. ' 

16' minutes: 

1 ■ ■ 

1 : , 


1 Motile ptiiviriiiB of XeptMma 0*6 ' , 

. 1^0 ,, 

1 ' so; 

i olerams. 



1 Growing Inid of Crinum ... ■ 1*0 ■ ' 

|. 240 „ 

|. ,7 ,v 


The contraction in growing organs under stim'iilns Is 
sometimes considerable. Thus, in the filanicmtous corona of 
Pmsijhm the contraction may be 'iis much 

as 15 per cent, of Urn original length. This is not A^ery 
different Croin tiic excitatory reaction of the typically sen- 
sitive stamens of the (Jijnerea\ whicii exhibits a contraction 
from S to 32 per cant. 

MODIFICATION OF RESFONBE BY CONDITION OF SUB- 
TOKIOmh 

In Mbnosa tlie normal response to direct stlmnlos is 
mgative^ the leaf niidergoing a fall. But sub-tonic speci- 
mens exhibit a pmiiim response with erection of the leaf. 
The action of the stimulus itsalf improves the tonic condi- 
tion, and the abnormal positive is thus converted into 
normal negative, through diphasic response (p. 147). Blmi- 
lariy in growing organs, while the norma! effect of sti- 
mulus Is incipient contraction and retardation of growth 
uiKler condition of sub-tonicity the response is by accele- 
ration of growth. Continuous , stimulation converts this 
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abiK'H’iiiai acceleration Into normal . retardation of ■. .growth. : 

(p. 225). , , 

EFFECTS OF DIRECT AND INDIRECT' STIMUDDS. 

Direct vstimnliis induces m Mimosa and other ‘sensitive" 
plants a negative response. There is a diminution of 
turgor and contraction in the motile organ, resulting in the 
fall of leaf. Indirect stimulus, on the other hand, gives 
rise to a positive or erectile response, indicative of increase 
of turgor and expansion (p. 138). 

In growing organs Direct stimulus induces an incipient ' 
contraction and retardation of rate of growth; the effect of 
Indirect stimulus is expansion and accelaration of the rate 
of growth (p. 216). 

The opposite reactioiis to Direct and Indirect stimulus 
are also found in the electric response given by ail plant 
organs. Thus while Direct stimulus induces an electromo- 
tive change of galvanometric negativity, Indirect stimulus 
induces the opposite change of galvanometric positivity 
(p. 214). ■ ' ' , ^ , 

MODIFICATION OF AUTONOMOUS ACTIVITY. 

The autonomous activity of Desmodium gyrans exhibit- 
ed by the pulsation of its leafiets come to a stop under 
condition of sub-tonicity. The arrested movement is, how- 
ever, revived by the action of stimulus (p. 228). The 
depressed or arrested growth of a growing organ is simi- 
larly accelerated or revived by the action of stimulus 
(p. 230). 

In vigorous specimens stimulus induces the opposite effect 
by retarding or arresting the pulsatory activity or growth. 

Warmth induces an effect which is antagonistic to that 
of stimuiuB. The contractile effect of stimtilus is seen in 
the pulsations of leaflet Desmodium by the reduction of 
their expansive or diastolic limit, and in growing organs 
by the retardation of the rate of growth. The expansive 
eff'ect of warmth is seen in reduction of the systolic limit 

IB 
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of piibaiion, and ' -in ■ the acceleration of , rate 

of growth ill growing orgaiiB' (p*. 237). 

cKcrrvToBV kffectb of VArnm^ sTiMUnr ox 

PCLVIXATKl) AKO GRO'WIKG ORGANS. 

Cenaiii agents induce .excitation ■ in living tissues, tlie 
excitatory chungt* being .detected ,by coniractioii, or hj 
eiectroinotive variation, or by change of electric resistance, 
.and in growing organs by the retardation of the. rate of 
growth. In general, the various stimuli which excite aiilinal 
..tissues also excite vegetable lissues. 

It has been shown that form of slinmh\ hf.mever 

dimrse^ also iodures iNcipieid .eoHtraciion and retardatum 
if the rate of growth. Thus mechanical irritation, such 
as friction or wound, induces a retardation of growt.h 
(p. 202) ; they also induce an excitatory contraction. In 
Mimosa^ attended l)y the fail o.f the. .leaf. Different modes 
of electric stlniulution act 'sfRhhirly .on laith growi.og 
and piilvinated organs. The a-ction' of light visible and in« 
visible will presently he seen .to react on boih alike. And 
In this connection nothing could be- more significant than 
the discriminative manner in- which both the piilvinated 
and the growing organs respond . to c-ertalii lights and not 
to others. 

In contrast to the contractile e.ffect of stimulus, certain 
agents indiice the antagonistic .reaction of expansion. It 
has been shown that wdiile stimnliis induces a retardation, 
rise of temperature up to an' ■ optimum point, induces^ an 
acceleration of the rate of growth. ' I have also referred to 
the fact that while the autonomous.' pulsations of Deamodmm 
leaflet exhibit under stimulus, a. diminution of the extejit 
of the diastolic expansion, warmth on the other hand, in- 
duces the opposite effect by dimi.nishing the systolic con- 
traction. 

B.FFB0T OF RIGHT OH'- FtIRtaNATBD ORGANS. 

I have referred to the well-known face that It is the 
more refrangible portions of the spectrum that are more ef- 
fective in inducing excitatory reactions and have already given 
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records of the respoiisi¥e reactions of various lights on 
growing organs. I shall now give records of the effect of 
various lights on the pulvinus of Mimosa pudica. The 
amplitude and time relations of the curves of response will 
give a more precise idea of the quantitative effects of 
various lights in inducing excitation. 

Action of ivJiite light : Experiment 95 . — The source of 
light was an arc lamp ; a pencil of parallel light is 
made to pass through a trough of alum solution. This 
process of excluding thermal rays is adopted for the visible 
rays of the spectrum. Colour filters were also used for 
obtaining red, yellow and blue lights. The pencil of light 
is thrown upwards by an inclined mirror on the lower 
half of the jjulvinus. The response is taken by an Oscil- 
lating recorder, giving successive dots at intervals of 10 
seconds, the magnification employed being 100 times. The 
pulvinus being subjected to, light for 10 seconds gave 
response by a fall of the leaf (Fig. 89). The response to light 


Fig 89.->B£tect [of white ligM oh ilie. pulvinus of himosa. Successive dots 
in this and in the following rocotds ate at intervals of lO''. (Magnification iOO 
timeaj 

is thus found to be essentially similar to that induced by 
electric stimulus, the only difference being in the relative 
sluggishness of the reply. Electric shock passes instan- 
taneously through the mass of the pulvinus, stirring up 



Fm. of blue light on polirlno» of Mbm$a. 
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Sill* iuslive iissocrt to responsive contraction. 'I'he latent 
period ip. therefore, as short as 0*1 secoml and tho maxi- 
mum contraction is effected in about ii seconds. In tlie 
case of the stimnhis of light the shock-eli'ect i.s in»t so 
great; excitation, moreover, has to pa.ss slowly from the 
surface of the pnlvinus inwards. Hence the latent jieriod 
is twelve seconds, and the period of inaximum contrac- 
tion is as long as iH) seconds. As the .stimuiation is 
moderate, the recovery is effected in 11 minutes, 
insteail of Hi minutes, which is the usual period for 
Mimom to recover from an electric shock. Tlie imporiaut 
conclusion to be derived from this experiment is, tlnit light 
is a mode of stimulation end that it indue -s a responsive 
contraction, similar to that caused by other forms of sti- 
muli. This contractile response under light is exhibited 
not merely by the motile pulvinus of Mimufia, but by 
other pnlvini as well, such as those of Eri/thri/m intlica, 
and of the ordinary beau plant. 

Action of red find ijelloiv liffhtH. — The ]nilvinu-t gave 
little or practically no response to these lights. 

Action of blue light : Erperiment 1 ) 6 . — Light was applied 
for 10 seconds and the amplitude of response was similar 
to that induced by white light (Fig. 90). 
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Aciifm of Ultra-violet raye x Experimmt source 

of light was a quartz mercury-vapour lamp, ■ The: effect was 
so intense that, to keep the record within the plate, I 
had to reduce the period of exposure to half, to five 
seconds. The responsive movement was initiated within six 
seconds of the application of light. The intensity and the 
rapidity of reaction is independently evidenced by the more 
erect curve of response (B'ig.: 91). 



Fiu, 91. --Effect of ultra-violet rays on the pulvinus of Mhnosa 

Actto 7 i (f Infra-red T(iyB i Experiment 98 . — The obscure 
thermal rays also caused a strong excitatory reaction 
(Fig. 92). Attention is here drawn once more to the 
antagonistic reactions of temperature and radiation effects 
of heat. ■ ,,, 

It has been shown that the rays which cause the 
most intense excitations in Mimosa also induce the greatest 
retardation in the rate of growth. Thus ultra-violet is 
not only the most effective in causing excitation in Mmosa 
but also in retardation of growth. Next in order comes 
the blue rays: the yellow and red are practically ineffective 
in both the cases. Infra-red rays are, however, very 
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fiffeetivc in <^xciiinir the sensitive Mhuma iiml in retardins? 
the rate of yro-wth. 



Fiii. HI!.— Eifeci, «tt infra-red rayg on tht? jnilvinus of Xhno^H. 

D!¥ERSM MODES OF HEBFOKBE TO KTIMULIIB, 

In Mimosa excitation is foUowetl by the striking inani- 
festation of the fall of the leaf. But in rifjid trees con- 
traction under excitation cannot find expression in move- 
ments. I have shown elsewhere that even in the absence 
of realised nnwement, the stata of excitation eati be detect- 
ed by the induced electro motive chanjj[e. I have shown 
that not only every plant bat every organ of every plant is 
sensitive and reacts to stimulus by electric response of 
galvanometric negativity.* 

There is an additional electric method by which tiie 
excitatory change may be recorded. I find that excitation 
induces a variation of the electrical resistance of a 
vegetable tissne.f Thus the stme excitatory reaction finds 

* Bose— Friday Evening Discourse — Royal Institution of Gtreat Britain. 
May 1901. 

t Tliis variation is sometimes iiOBitive, and at other times negntive, according t 

the eondifclon of the 
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diverse concomitant; manifeBtatiiuns^ in dimiantion of turgor, 
in movement, in variation of growth, and In , electrical 
change. The correspondence.., in- , the different phase.-? of 
response In pul vinated, ordinary, and growing organs 
may be stated as follows: Excitation induces diminution 
id turgor, contraction and fall of the leaf of Mimosa ; it 
induces aii incipient contraction or retardation of rate of 
growth in a growing organ ; it gives rise in all plant 
organs to an electric response of galvanometric negativity 
and of changed resistance. Ail these excitatory mani- 
festations will, for convenience, be designated as the 
negative response. There is a responsive reaction which 
is opposite to the excitatory change described above. In 
Mimosa the fall of leaf under excitation is due to a 
sadden ditninution of turgor; the erection of the leaf is 
brought about by natura! or artificial restoration of turgor. 
Rise of temperature induces an expansive reaction which 
is antagonistic to that induced, by stimulus. Warmth also 
enhances the rate of growth and induces an electric change 
of galvanometric positivity.^*^ The restoration of normal 
turgor or enhancement of turgor is associated with expan- 
sion, erection of the leaf of Mimosa^ enhancement of rate of 
growth in a growing organ, electric response of galvano- 
metric positivity, and contrasted change of electric resistance. 
All these will be distinguished as positive response. 

There are thus several independent means of detecting 
the excitatory change or its opposite reaction in vegetable 
tissues. It will be seen that the employment of these 
diiferent methods has greatly extended our power of in- 
vestigation on the phenomenon of irritability of plants. ^ 

We have seen how essentially similar are the respons- 
ive reactions in pulvinated and in growing organs. It is 
therefore rational to seek for an explanation of a parti- 

Bose—" Comparative Electro-physiology p. 75. 
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ciilar iiio¥i*meiit in a growing organ from aHcertaint*«i fads 
relating to ijorrenpomling ■movoineiit in a piihiiiatetl 
organ, Tho investigations on -motile anil growing organs 
that’ liavo betm described fully establish the two iiiiporiaiH 
facts that, Direct stiinnlus iiidnceg- contracttoii and Iiiuired 
stiiiiiiliis induces the -opposite /eKpanslve reaction, ddiesi^ facts 
will 1)6 foiiinl to offer full eNplanation of various tropic 
curvatures, to be described in the snbsei|nenfc srries of Idi|)ers. 

SUMMABY. 

There is no breach of c-ontiiiiilty in the Increasing 
contractile leaction in a growing .organ iiinler increasing 
intensity of stimulus; the incipient contraction seen in 
retarfiatioii of rate of growth - culminates in a marked 
shortening of the length of the organ, . , ' 

Time relations of response, the. latent, perioti, the, apex 
time, am! the |rndod of recovery, are of siniliar order in 
piilvliiated and in growing organs. 

In condition of suh-tonicity the piilviiiiis of Mimosa 
responds to stinirilus by an '.almor,mal posiiive or erectile 
response. Under conthiuacl sti-muLation the abnormal positive 
is converted into normal neffatiim, Btowing organs in sub- 
tonic condition respoiulB to Btimulus by abnormal accelera- 
tion of rate of growth, whiclv, .is converted into normal 
retardation under continuous '.stiimiiatkm. 

Direct stimulus Induces hi . Mimosa i\ uef/€dive response, 
with the fall of leaf. But Indirect stimulus Induces the. 
positive or erectile response. Similarly, Direct stimulus 
induces in a growing organ a negative vartatlon, or recarda- 
tion of rate of growth, and Indirect stiiniiius a pfmi4ive 
variation or acceleration of rate of growth. 

The electric response to Direct stlmiiiiiB is by galva- 
iioinetric mgaiivity, that to Indirect stimulus by galva- 
nometric positimty* 
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niicb'^r coiiilifciori o! sub- tonicity the a ntono mo iis ' activity 
of leaflet of l)88mi)clmm. gip'^auB of growing organs 
cmiies to a stop. The arrested activity in both is, revived 
by the a|)|>!icatloii of stiiniiius. Active^ pulsation • in Des- 
miHVniJH, and active growth in growing organs are, however, 
retarded or arrested ' by ' stimulus,. 

Tlie contractile effect of stimulus on pulsation of leaflets 
of D-’^nndium gif fans is seen by the reduction of the 
<iiastoiic limit of its pulsations ; to this corresponds the 
incipient contraction and retardation of rate ol: growth in 
a growing organ. The effect of warmth is antagonistic to 
that of stimiiius. The expansive effect of rise of tempera- 
ture is seen in Desmodium by the reduction of the systolic 
ilinit of its pulsation ; in growth it is exhibited by an 
.acceleration of the rate .of growth. 

All stimuli which induce an excitatory contraction and 
fill! of the leaf of Mimosa also induce incipient contrac- 
tion and retardation of rate of growth in a growing 
o.rgaii* 

Excitatory effects of diff'erent rays of light on motile 
ami growing organs are similarly discriminutive. Ultra- 
violet light exerts the most intense reaction which reaches 
a ininimum towards the less refrangible red end of the 
spectrum. Beyond this, the infra-red or theiunai rays 
become suddanly effective in inducing excitatory movement 
and retardation of growth. 


